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Heat-shock protein 72 cell-surface expression on human lung 
carcinoma cells in associated with an increased sensitivity to 
lysis mediated by adherent natural killer cells. 

Botzler C . Issels R . Multhoff G . 

GSF-National Research Centre for Environment and Health, Institute of 
Clinical Hematology, Munich, Germany. 

The cell-surface expression patterns of major histocompatibility complex 
(MHC) class I, class II and heat-shock protein 72 (HSP72) molecules were 
measured on human lung (LX-1) and mammary (MX-1) carcinoma cells. No 
major differences were found in the MHC cell-surface expression pattern of 
both cell lines. However, they differ significantly in their capacity to express 
HSP72 on their cell surface. Under physiological conditions LX-1 cells 
express HSP72 molecules on more than 90% of the cells, whereas MX-1 
cells exhibit no significant HSP72 cell-surface expression (less than 5%). 
These expression patterns remained stable in all further cell passages tested. 
The sensitivity to lysis mediated by an interleukin-2 (IL-2)-stimulated, 
adherent natural killer (NK) cell population could be correlated with the 
amount of cell-surface-expressed HSP72 molecules. By antibody-blocking 
studies, using HSP72-specific monoclonal antibody (mAb), a strong 
inhibition of lysis was only found with LX-1 cells but not with MX-1 cells. 
In contrast to the cell-surface expression, the cytoplasmic amount of HSP72 
in MX-1 cells was twice as high compared to LX-1 cells under 
physiological conditions. After nonlethal heat-shock the rate of induction 
and the total cytoplasmic amounts of HSP72 were comparable in both cell 
lines. The clonogenic cell viability of LX-1 cells after incubation at 
temperatures ranging from 41 degrees C to 44 degrees C was significantly 
elevated compared to that of MX-1 cells. In conclusion we state the 
following: (i) HSP72 cell-surface expression on human carcinoma cells is 
independent of the cytoplasmic amount of HSP72; (ii) the cell-surface 
expression of HSP72 is associated with an increased sensitivity of tumor 
cells to lysis mediated by an IL-2-stimulated, adherent NK cell population; 
(iii) thermoresistance is not related to the cytoplasmic HSP72 level but 
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might be related to the amount of HSP72 expressed on the cell surface. 
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Abstract The cell-surface expression patterns of major 
histocompatibility complex (MHC) class I, class II and 
heat-shock protein 72 (HSP72) molecules were measured 
on human lung (LX-1) and mammary (MX-1) carcinoma 
cells. No major differences were found in the MHC cell- 
surface expression pattern of both cell lines. However, they 
differ significantly in their capacity to express HSP72 on 
their cell surface. Under physiological conditions LX-1 
cells express HSP72 molecules on more than 90% of the 
cells, whereas MX-1 cells exhibit no significant HSP72 
cell-surface expression (less than 5%). These expression 
patterns remained stable in all further cell passages tested. 
The sensitivity to lysis mediated by an interleukin-2 (IL-2)- 
stimulated, adherent natural killer (NK) cell population 
could be correlated with the amount of cell-surface-ex- 
pressed HSP72 molecules. By antibody-blocking studies, 
using HSP72-specific monoclonal antibody (mAb), a strong 
inhibition of lysis was only found with LX-1 cells but not 
with MX-1 cells. In contrast to the cell-surface expression, 
the cytoplasmic amount of HSP72 in MX-1 cells was twice 
as high compared to LX-1 cells under physiological con- 
ditions. After nonlethal heat-shock the rate of induction and 
the total cytoplasmic amounts of HSP72 were comparable 
in both cell lines. The clonogenic cell viability of LX-1 
cells after incubation at temperatures ranging from 41 °C to 
44 °C was significantly elevated compared to that of MX-1 
cells. In conclusion we state the following: (i) HSP72 cell- 
surface expression on human carcinoma cells is indepen- 
dent of the cytoplasmic amount of HSP72; (ii) the cell- 
surfaceexpression of HSP72 is associated with an increased 
sensitivity of tumour cells to lysis mediated by an IL-2- 
stimulated, adherent NK cell population; (iii) thermoresis- 
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tance is not related to the cytoplasmic HSP72 level but 
might be related to the amount of HSP72 expressed on the 
cell surface. 

Key words Carcinoma * Heat-shock protein 72 (HSP72) * 
Adherent NK cells * Immune response • Thermoresistance 



Introduction 

Intracellular^, heat-shock proteins (HSP) perform a variety 
of chaperoning functions. Under physiological conditions, 
these proteins bind to and stabilize non-native conforma- 
tions of other proteins and therefore inhibit aggregation of 
unfolded proteins or enable translocation across membranes 
[2]. Heat-shock proteins fulfil essential functions in protect- 
ing cells against lethal damage induced by thermal or 
chemical stress. It has been reported that HSP70 differen- 
tially localizes to the nucleus, to the cytosol and to the cell 
surface [15, 16, 23]. Within the last few years evidence has 
been accumulating that HSP also play major roles in the 
antitumour immune response. Members of the HSP70 
group have been found to be expressed on the cell surface 
of certain tumour cells either under physiological condi- 
tions [3, 4, 17, 20] or after heat stress [13, 14, 22], where 
they can act as immunogenic determinants for different 
effector cell types. In order to demonstrate cell-surface 
localization of HSP72, the major heat-inducible form of 
members of the HSP70 family, on different human tumour 
cell types, we used a highly specific monoclonal antibody 
(mAb), which, was described by Welch [23]. As previously 
shown [13], this antibody is not crossreactive with the 
constitutively expressed HSP73, which shows more than 
85% homology to HSP72 [7, 23]. 

In this report the intracellular and membrane -bound 
HSP72 expressions of two independent human carcinoma 
cell types under physiological conditions and after heat 
stress were compared and related to the immunogenicity 
and thermoresistance of the tumour cells. 



Materials and methods 

Cell culture 

The lung carcinoma cell line LX-1 (Tumorzentrum Heidelberg, TZB 
no. 610012, Germany) and the mammary carcinoma cell line MX-1 
(Tumorzentrum Heidelberg, TZB no. 810023, Germany), were cultured 
in RPMI-1640 medium (Gibco, Eggenstein, Germany) supplemented 
with 10% heat-inactivated fetal calf serum (Gibco, Eggenstein, Ger- 
many) and antibiotics. Heat treatment was performed in a temperature- 
controlled water bath at temperatures ranging from 41.8 °C to 44 °C. 
Clonogenic survival of LX- 1 and MX- 1 tumour cells was determined 
by dose/response survival curves of LX-1 and MX-1 cells heated for 
the indicated lengths of time. The results are summarized from at least 
four independent experiments in which each data point represents four 
to six dedicated flasks. The cell viability was calculated with correction 
for plating efficiency. 



Monoclonal antibodies (mAb), indirect immunofluorescence 
and fluorescence-activated cellsorting (FACScan) analysis 

The antibodies W6/32 (IgG2a; MHC class I), L243 (IgG2a; HLA DR; 
kindly provided by Dr J. Johnson, Munchen, Germany), HSP72 (IgGl; 
Amersham, Braunschweig, Germany), isotype-matched control anti- 
bodies (IgGl and IgG2a, Dianova, Hamburg, Germany), anti-CD3 
(IgGl, Dianova, Hamburg, Germany), anti-CD3/CD 16+56 (IgGl/ 
IgGl, Becton Dickinson, Heidelberg, Germany) and fluoresce in-iso- 
thiocyanate-labelled rabbit anti-mouse IgG (Dako, Hamburg, Ger- 
many) as a secondary antibody were used for phenotypic character- 
ization of tumour and effector cells on a FACScan instrument (Becton 
Dickinson and Co., Heidelberg, Germany) and for antibody-blocking 
studies of tumour cells. Briefly, viable cells (1 x 10 6 ) were incubated 
with the primary antibody for 30 min at 4 °C. After washing and 
incubation with the secondary antibody (30 min, 4 °C) the cells were 
analysed by FACS. 



Sodium dodecylsulphate/polyacrylamide gel electrophoresis 
(SDS-PAGE), Western blot analysis and quantification 

After SDS-PAGE using a standard protocol of Laemmli [8] the proteins 
were transferred to nitrocellulose membranes [18]. After Western blot 
analysis the protein amount of HSP72 was detected with the electro- 
chemiluminescence system (Amersham, Braunschweig, Germany) and 
quantified by laser densitometry. 



Generation of adherent interleukin-2 (IL-2)-stimulated effector cells 

Monocyte-depleted peripheral blood lymphocytes were separated into 
a CD3 + T lymphocyte fraction and a CD3-, adherent natural killer 
(NK) cell fraction by sequential incubation (three times) on plastic 
tissue-culture flasks in recombinant IL-2 medium (6000 IU/ml) for 24 h 
according to a protocol described by Vujanovic et al. [21]. After 
rejection of the non-adherent CD3+ lymphocyte population, the 
adherent cell population was cultivated in low-dose recombinant 
IL-2 medium (100 IU/ml) for 3 days and then used in the cytotoxicity 
assay. The phenotypic characterization of the adherent effector cell 
population (FACScan analysis as described above) revealed that these 
cells lack the ability to express CD3 (less than 6% of the cells express 
CD3) but express CD16+CD56 on about 30%- 50% of the cells. 



Cytotoxicity assay 

The specificity of IL-2-activated (100 IU/ml), adherent NIC effector 
cell population was monitored in a standard 4-h 51 Cr release assay [1 0]. 
LX-1 and MX-1 rumour cell lines were used as target cells. The 
effector to target (E:T) ratios ranged from 40:1 to 5:1. The percentage 
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Fig. 1 Comparison of the sensitivity of LX-1 and MX-1 carcinoma 
cells to lysis mediated by interleukin-2 (IL-2)-stimulated, adherent 
natural killer (NK) effector cells (CD3: 3%-6%; CD16+CD56: 
40%- 50%). The effector-to-target ratio ranged from 40:1 to 5:1; 
spontaneous release (%) was below 20% for each target cell line. 
Each data point represents the mean value of at least four independent 
experiments; SD values are indicated as vertical bars 



specific lysis was calculated as [(experimental release - spontaneous 
release)/(maximum release - spontaneous release)] x 100. The 
percentage spontaneous release was calculated as (spontaneous re- 
lease)/(maximal release) x 100 and was always below 20% for each 
target cell. 

The antibody-inhibition assays were performed by preincubation of 
the target cells with the anti-HSP72-specific mAb or with an isotype- 
matched control antibody at a final concentration of 5 (xg/1 x 10 6 cells. 



Results 

At comparable cell densities LX-1 and MX-1 cells did not 
differ in their capacity to express major histocompatibility 
complex (MHC) antigens. Flow-cytometric analysis re- 
vealed that about 99% of LX-1 and MX-1 carcinoma 
cells express MHC class I molecules equally; no MHC 
class II expression was detected (less than 5% expression) 
on either of the carcinoma cell lines. However, HSP72 
molecules were only expressed on the cell surface of LX-1 
cells and not on MX-1 cells. These characteristics remained 
stable for all further cell passages. Determination of the 
plating efficiency, as a growth parameter, revealed no major 
differences between the two tumour cell types (0.94 ± 0. 1 in 
LX-1 compared to 1.00 ±0.25 in MX-1 cells). In an attempt 
to study the role of HSP72 cell-surface expression with 
respect to the sensitivity of these tumour cells to lysis by 
IL-2-stimulated, adherent NK cells, cytotoxicity assays 
were performed. As shown in Fig. 1 the LX-1 carcinoma 
cells were about 4.5-fold more sensitive to lysis than were 
MX-1 carcinoma cells. By antibody-blocking assays the 
sensitivity to lysis mediated by IL-2-stimulated, adherent 
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Fig. 2a, b Antibody blocking 
assay using IL-2-stimulated, ad- 
herent NK effector cells (CD3: 
l%-4%; CD16+CD56: 
30%-50%), HSP72 mAb and 
IgGl isotype- matched control 
antibody, a The lysis of HSP72- 
expressing LX-1 carcinoma cells 
was inhibited by HSP72 mAb but 
not with an isotype -matched 
control antibody, b No inhibition 
of lysis was observed with MX- 1 
carcinoma cells nor with the 
HSP72-specific mAb nor with the 
isotype control antibody. The ef- 
fector-to-target (E:T) ratio ranged 
from 40:1 to 5:1; spontaneous 
release (%) was below 20% for 
each target cell line. Each data 
point represents the mean value 
of at least three independent ex- 
periments; SD values are indi- 
cated as vertical bars 
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Fig. 3 Cytoplasmic amounts of HSP72 in LX-1 and MX-1 carcinoma 
cells under physiological conditions (37 °C) and after a mild heat- 
shock at 41.8 °C for 2 h (followed by a recovery period at 37 °C for 
2 h). Quantification of the rate of induction of cytoplasmic HSP72 after 
heat-shock is shown below the graph 

NK cells could be positively correlated with the amount of 
HSP72 that is expressed at the cell surface (Fig. 2): a strong 
inhibition of lysis was found when the HSP72-specific mAb 
on LX-1 cells that exhibit a high expression rate of HSP72 
at the cell surface (more than 90%) was used, as demon- 
strated in Fig. 2a. No inhibition of lysis was detectable with 
the MX-1 cell line that lacks HSP72 expression on the cell 
surface (Fig. 2b). An IgGl isotype-matched control anti- 
body (Figs. 2a, 2b) and an MHC-class-I-specific antibody 
(data not shown) had no inhibitory effect on the lysis 
pattern of either of the two carcinoma cell lines LX-1 and 
MX-1. 



Fig. 4 Effects of in vitro heat treatment on lung (LX-1) and mammary 
(MX-1) carcinoma cells. Dose/response survival curves for incubations 
at 41.8 °C, 43 °C and 44 °C for the indicated time intervals ranging 
from 25 min to 150 min. Each data point represents four to six 
dedicated flasks; vertical bars represent SD values. The clonogenic 
cell survival of LX-1 carcinoma cells after heat treatment at the 
indicated temperatures was significantly higher than that of to MX-1 
carcinoma cells 



As shown in Fig. 3 the cytoplasmic amount of HSP72 in 
MX-1 cells that exhibit no HSP72 cell-surface expression 
was twice as high as that of LX-1 carcinoma cells that 
express HSP72 at the cell surface. A mild heat-shock 
(41.8 °C), however, led to a comparable elevation in the 
amount of HSP72 in both carcinoma cell lines. The rate of 
HSP72 induction after heat-shock in LX-1 cells was five 
times compared to 3 times in MX-1 carcinoma cells. 
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Furthermore, the thermoresi stance of the two tumour 
cell lines was compared at 41.8 °C, 43 °C and 44 °C. The 
results derived from clonogenic cell survival assays are 
summarized in Fig. 4. For all different heating periods, 
ranging from 25 min to 150 min, the thermoresistance of 
LX-1 cells was always significantly higher than that of 
MX- 1 carcinoma cells. 



Discussion 

Heat-shock proteins are essential for the survival of cells 
under normal as well as under stressful conditions like heat- 
shock, ethanol, arsenite, oxidative radical stress, steroid 
hormones etc. [9]. Members of the HSP70 family maintain 
mitochondrial proteins in an unfolded, translocationally 
competent state and prevent the denaturation of cytoplas- 
mic proteins [2, 12]. Previous data from our group sug- 
gested that heat stress leads to a strong induction in the rate 
of synthesis of HSP72 [13], which results in a significant 
increase in the amount of cytoplasmic HSP72, the major 
heat-inducible form of the HSP70 group in sarcoma and in 
normal cells. Despite comparable levels of HSP72 in the 
cytoplasm, only sarcoma cells, and not normal cells, exhibit 
a HSP72 cell-surface expression. Therefore, we concluded 
that HSP72 cell-surface expression is not directly related to 
elevated cytoplasmic amounts of HSP72. This finding is 
supported by the data shown in the present study. Despite 
higher cytoplasmic amounts of HSP72 in MX-1 cells, 
HSP72 cell-surface expression was only found on LX-1 
carcinoma cells. Even after non-lethal heat-shock, cell- 
surface expression could not be induced on MX-1 carcino- 
ma cells (data not shown) thus indicating that cell-surface 
expression of HSP72 is independent of the amount of 
cytoplasmic HSP72. Jaattela found that cytoplasmic over- 
expression of HSP70 rendered mouse fibrosarcoma cells 
more tumourigenic by allowing these cells to escape from 
tumour-necrosis-factor-mediated antitumour immune sur- 
veillance [6]. In our carcinoma cell system, cytoplasmic 
HSP72 overexpression does not correlate with the tumour- 
igenicity in athymic mice since the MX-1 cells with high 
cytoplasmic HSP72 expression formed tumours less fre- 
quently and significantly more slowly than did LX-1 
tumour cells that exhibited a low cytoplasmic HSP72 
expression level (unpublished observation). Therefore, we 
conclude that the overexpression of cytoplasmic HSP72 in 
lung and mammary carcinoma cells does not affect tumour- 
igenicity. 

By comparing the sensitivity to lysis mediated by an IL- 
2-stimulated, adherent NK effector cell population it be- 
came obvious that LX-1, compared to MX-1 carcinoma 
cells, is significantly more sensitive to lysis. Since the 
MHC class I and class II expression patterns of both tumour 
cell lines were identical, we speculated that the HSP72 cell- 
surface expression is responsible for the different sensitivity 
to lysis. This hypothesis was confirmed by antibody-block- 
ing studies using an HSP72-specific mAb: a strong inhibi- 
tion of lysis was seen with LX-1 carcinoma cells that 



express HSP72 on their cell surface but not with MX-1 
carcinoma cells that lack HSP72 expression. Our results are 
in line with observations made by Tamura et al. [17], who 
postulated, for cytotoxic T cells, that the constitutively 
expressed HSP70 cognate protein acts as a tumour antigen. 
Furthermore, members of the HSP70 group have been 
shown to be involved in a number of pathological condi- 
tions, where they play a role as immunodominant antigens 
[3-5, 11, 15, 17, 19, 20]. 

In our previous studies we showed that heat- [14] or 
alkyl-lysophospholipid-induced [1] HSP72 cell-surface ex- 
pression increases the immunogenic ity of sarcoma and 
myelogenic lymphoma cells. Here we demonstrate that 
carcinoma cells that already express HSP72 molecules 
under physiological conditions on the cell surface, in 
comparison to carcinoma cells that lack HSP72 expression 
on the cell surface, are significantly more sensitive to lysis 
mediated by adherent NK cells. These data indicate that, 
apart from the immunogenic HSP72 determinant, no stress- 
inducible (i.e. heat or alkyl-lysophospholipids) factor is 
necessary for the increased sensitivity of tumour cells to 
lysis. However, it is still an open question whether cell- 
surface-expressed HSP72 molecules themselve act as im- 
munogenic determinants [17] for adherent NK cells or 
whether tumour-specific peptides that are presented by 
HSP72 molecules [20] are also important for NK recogni- 
tion. 

Determination of the cell viability of both carcinoma 
cell lines after heat stress revealed that LX-1 carcinoma 
cells are more thermoresi stant than MX-1 cells. Since the 
rate of induction and the total intracellular amount of 
HSP72 after heat stress were comparable in LX-1 and 
MX-1 cells, we speculate that the capacity to express 
HSP72 on the cell surface might be involved in this 
phenomenon. HSP72 that is localized in the plasma mem- 
brane of tumour cells might help to maintain membrane 
stability after thermal stress. 

Despite this increased thermoresistance, HSP72 cell- 
surface expression renders tumour cells highly immuno- 
genic against adherent NK cells that are stimulated with 
low-dose IL-2. Since normal cells lack the ability to express 
HSP72 on the cell surface, HSP72 might act as a tumour- 
specific recognition structure for a distinct NK effector cell 
population. 
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An extract of the cell wall and cell membrane from Histoplasma capsulatum yeast cells was assayed by 
Western blot (imtnunoblot) for reactivity with two monoclonal antibodies to heat shock protein 70. Four bands 
with molecular masses of 80, 66, 54, and 32 kDa bound both antibodies. The 80-kDa protein was isolated, 
analyzed for homology to heat shock protein 70, and tested for antigenicity and immunogenicity in C57BL/6 
mice. The 80-kDa protein reacted with monoclonal antibody to heat shock protein 70. Sera from mice 
immunized with the antigen recognized H. capsulatum heat shock protein 70. Moreover, the amino-terminal 
sequence of the 80-kDa protein revealed substantial homology with heat shock protein 70 from several species. 
The 80-kDa protein induced delayed-type hypersensitivity responses in mice immunized with either viable yeast 
cells or antigen. Splenocytes from mice immunized with yeast cells or with antigen responded in vitro to the 
80-kDa antigen. Immunization of mice with the antigen enhanced host resistance against a sublethal inoculum 
of H. capsulatum yeast cells, but it did not reduce the mortality of mice given a lethal challenge of yeast cells. 
Thus, this antigen manifests homology with members of the heat shock protein 70 family. Furthermore, the 
80-kDa protein elicits cellular immune responses to H. capsulatum, and it mediates protective immunity. 



Living organisms respond to adverse environmental con- 
ditions such as temperature elevation by a rapid increase in 
the synthesis of heat shock proteins (hsp). Production of 
these proteins presumably protects cells against the inimical 
effects of stress. Several families of hsp have been identified, 
and hsp 70 is one of the most abundant (19, 20). 

Studies of hsp from the thermally dimorphic fungus His- 
toplasma capsulatum have focused on their role in the 
conversion of mycelia to yeast cells. This fungus exists as 
mycelia in soil but transforms into yeast celts once it has 
invaded mammalian tissues. The transition from mycelium 
to yeast cell is a heat-inducible event. When mycelia are 
exposed to elevated temperatures (34 to 40°C), there is 
intense synthesis of hsp, including hsp 70 (27). In addition, 
Caruso et al. (5) have shown that expression of the hsp 70 
gene from H. capsulatum varies among strains that differ in 
pathogenicity and thermotolerance. Thus, hsp appear to play 
an important role in the mycelial phase-to-yeast phase con- 
version of//, capsulatum. 

In recent years, it has been observed that members of the 
hsp family, including hsp 70 from several pathogenic mi- 
crobes, are antigenic (for a review, see reference 33). More- 
over, hsp of an invading microbe often are immunodominant 
targets of the cellular immune response as well as the 
humoral response (33). In the present study, we probed an 
extract of the cell wall and cell membrane of H. capsulatum 
yeast cells (CW/M) with monoclonal antibodies (MAb) to 
hsp 70 for the presence of immunoreactive bands. This 
extract was selected since previous work in this laboratory 
and others have demonstrated that it elicits in vivo and in 
vitro cellular immune responses and confers protective 
immunity (9, 11, 12). 

Western blot (immunoblot) analysis of CW/M with MAb 



to hsp 70 revealed the presence of four immunoreactive 
bands with molecular masses of 80, 66, 54, and 32 kDa. Since 
we previously reported that a murine CD4 + T-cell line 
recognized antigens in the extract that ranged in molecular 
mass from 69 to 82 kDa (12), the 80-kDa protein from CW/M 
that reacted with MAb to hsp 70 was isolated, analyzed for 
homology to members of the hsp 70 family, and tested for 
antigenicity and immunogenicity. The data demonstrate that 
this protein manifests homology to the hsp 70 family and 
induces cell-mediated immune responses in C57B1V6 mice. 
Furthermore, immunization with the 80-kDa antigen en- 
hances resistance in mice given a sublethal challenge of H. 
capsulatum yeast cells. 

MATERIALS AND METHODS 

Mice. Male C57BL/6 mice were obtained from Jackson 
Laboratories, Bar Harbor, Maine. 

Injection of mice with //. capsulatum yeast cells. Prepara- 
tion of H. capsulatum yeast cells was performed as de- 
scribed previously (12). Mice were immunized with viable 
yeast cells by using the following regimen. On day 0, animals 
were injected subcutaneously (s.c.) with 10 6 yeast cells. On 
day 14, mice received an intravenous (i.v.) injection of 6 x 
Mr yeast cells, and on day 35 an intraperitoneal injection of 
5 x 10 6 yeast cells was administered. In experiments in 
which protective immunity was examined, mice were chal- 
lenged i.v. with either a sublethal inoculum of 6 x 10 s yeast 
cells or a lethal inoculum of 4 x 10 6 yeast cells. 

Preparation of CW/M and the 80-kDa antigen. CW/M was 
isolated as described previously (12). Briefly, yeast cells 
were disrupted in a bead beater (Biospec Products, Bartles- 
ville, Okla.), and the pellet was separated by differential 
centrifugation. The particulate material was boiled in an 
extraction buffer consisting of 125 mM Tris, pH 6.9, 6 M 
urea, 20 mM 2-mercaptoethanol, and 1% (vol/vol) Tween 20 
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for 5 min and then incubated overnight at 4°C. The soluble 
material was separated by centrifugation and dialyzed 
against phosphate-buffered saline (PBS) for 36 h. 

To isolate the 80-kDa antigen, 4 to 8 mg of CW/M was 
electrophoresed in 10% sodium dodecyl sulfate (SDS)-poly- 
acrylamide gels that were 3 mm thick. Following electropho- 
resis, the gels were stained for 20 min at room temperature 
with 0.3% Coomassie brilliant blue that was dissolved in 10% 
glacial acetic acid and 30% isopropyl alcohol (16). The gels 
were destained with a solution containing 5% glacial acetic 
acid and 16.5% methanol for 2 to 3 h at 4°C (16). The 80-kDa 
band was excised and soaked in water for 2 h. The section of 
gel was minced and placed in an electroelutor (ELUTRAP; 
Schleicher & Schuell, Keene, N.H.). Elution was performed 
at room temperature for 8 h at 200 V in a buffer containing 25 
mM Tris, 192 mM glycine, and 0.1% SDS. The purity of the 
eluted fraction was checked on SDS-polyacrylamide mini- 
gels, and if there were contaminating proteins, the material 
was electrophoresed and electroeluted a second time. SDS 
and Coomassie blue were extracted from the protein by the 
method of Konigsberg and Henderson (17). The antigen was 
suspended in PBS, pH 7.4, and filter sterilized prior to use. 
The protein content of the 80-kDa antigen was determined 
by the Bradford method (3). 

ATP affinity chromatography and isolation of hsp 70 from 
H. capsulatum. Yeast cells were grown for 36 h at 37°C, 
heated for 2 h at 42°C, and then returned to 37°C for an 
additional 2 h. They were disrupted with a bead beater, and 
the cytosol was harvested by differential centrifugation. To 
isolate hsp 70, 20 to 25 mg of cytosol (3 to 5 ml) was applied 
directly to an ATP-agarose column (1.0 by 5.0 cm; Sigma 
Chemical Co., St. Louis, Mo.) (32). The column was washed 
with 40 ml of low-salt buffer (50 mM Tris, 0.1 NaCl, 0.1 M 
EDTA, 5 mM MgCl 2 , 15 mM 2-mercaptoethanol [pH 7.5]) 
and then with 40 ml of high-salt buffer (low salt buffer 
containing 0.5 M NaCl). The column was rinsed with 10 ml 
of 10 mM ATP (Sigma Chemical Co.) in high-salt buffer. The 
ATP eluate was collected, dialyzed extensively against 2 
mM ammonium bicarbonate, lyophilized, and resuspended 
in 0.5 ml of PBS, pH 7.2. Protein concentration was deter- 
mined by the Bradford assay (3). 

SDS-PAGE of the 80-kDa antigen. One microgram of 
antigen was subjected to SDS-polyacrylamide gel electro- 
phoresis (SDS-PAGE) in a 10% gradient polyacrylamide gel 
(19), and the gel was stained with silver (28). 

Antibodies. Rat MAb 7.10, which recognizes members of 
the hsp 70 family of Drosophila melanogaster (18, 31), was 
kindly provided by Susan Lindquist, Department of Molec- 
ular Genetics and Cell Biology, The University of Chicago, 
Chicago, 111. This immunoglobulin G (IgG) MAb chiefly 
reacts with denatured hsp 70 and does not bind hsp 70 in 
immunofluorescence or immunoprecipitation assays. Mouse 
MAb N27F3-4, specific for the human hsp 72/73, was pro- 
vided by William Welch, University of California at San 
Francisco. This mouse IgGl recognizes both the constitutive 
(72-kDa) and inducible (73-kDa) forms of human hsp 70 
under both native and denaturing conditions. MAb N27F3-4 
appears to recognize hsp72/73 isolated from all mammalian 
sources that have been examined (30). Control antibodies 
included a rat IgG and a mouse IgGl. 

Western blot analysis of CW/M, the 80-kDa antigen, and 
hsp 70. One hundred twenty-five micrograms of CW/M or 1 
u,g of purified proteins was electrophoresed (10% polyacryl- 
amide gels, 1 mm thick), transferred to nitrocellulose, and 
stained with Ponceau S. Lanes of nitrocellulose were cut and 
incubated in Tris-buffered saline (TBS), pH 7.5, containing 
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5% powdered milk for 1 h at room temperature to block 
nonspecific binding sites. Lanes were then incubated in 1 ml 
of TBS containing a 1:800 dilution of either MAb 7.10 or 
MAb N27F3-4 at 4°C overnight. In some experiments, the 
80-kDa antigen or hsp 70 was incubated with a 1:1,000 
dilution of sera from mice injected with the 80-kDa antigen 
or with bovine serum albumin (BSA). The strips were 
washed twice with TBS plus 2% Tween 20 for 10 min and 
incubated for 2 h with 1 ml of a 1:1,000 dilution of the 
appropriate peroxidase-labelled second antibody in TBS at 
room temperature. Blots were washed twice in TBS-deter- 
gent and developed with 0.6 mg of 4-chloro-l-naphthol 
(Bio-Rad Laboratories) per ml and hydrogen peroxide 
(0.015%). 

Ammo-terminal sequencing. Fifteen micrograms of the 
80-kDa protein was electrophoresed in a 10% polyacryl- 
amide minigel and electroblotted onto a polyvinylidene 
difluoride membrane (Schleicher & Schuell) in 3-[(cyclohex- 
ylamino)-l-propane-sulfonic acid] (CAPS) buffer, pH 11, at 
250 mA for 1 h. The membrane was stained with Coomassie 
brilliant blue and destained with methanol (22). The band 
was excised and was sequenced with a gas phase microse- 
quencer (Applied Biosystems; model 475 A). 

In vivo injection of mice with the 80-kDa antigen. The 
80-kDa antigen was emulsified with an equal volume of 
complete Freund's adjuvant (CFA) or incomplete Freund's 
adjuvant (IFA) (Difco Laboratories, Detroit, Mich.). Mice 
were injected s.c. with 40 u.g of antigen in CFA; 2 weeks 
later, they were injected s.c. with 40 jig of antigen in IFA. 

Induction and measurement of DTH responses to the 80- 
kDa antigen. Groups of six mice immunized with viable H. 
capsulatum yeast cells or with the 80-kDa antigen were 
challenged intradermally with 1 p,g of antigen in a volume of 
0.05 ml. Footpad swelling was measured 24 h later. The 
delayed-type hypersensitivity (DTH) response was ex- 
pressed as the mean footpad thickness in millimeters before 
and after antigen challenge and as a percent increase in 
footpad thickness (12). As a control, DTH was measured in 
age-matched littermates injected with an equal quantity of 
BSA in Freund's adjuvant. The percent increase was calcu- 
lated as follows: [(thickness 24 h after injection of antigen - 
thickness before injection)/thickness before injection] x 100. 

Organ culture for H. capsulatum. Spleens from mice in- 
fected with H. capsulatum were homogenized in PBS, and 
the homogenate was serially diluted. One hundred microli- 
ters of homogenate was dispensed onto plates containing 
brain heart infusion agar (2% [wt/vol] agar) supplemented 
with 5% (vol/vol) defibrinated sheep erythrocytes, 1% (wt/ 
vol) glucose, and 0.01% (wt/vol) cysteine hydrochloride. 
Plates were incubated at 30°C, and CFU were enumerated 
after 7 to 10 days. 

Splenocyte preparation and splenocyte proliferation assay. 
Spleen cells from mice were prepared as described previ- 
ously (12). In the proliferation assay of splenocytes, 4 x 10 5 
cells in 0.2 ml of RPMI 1640, containing 10% fetal bovine 
serum and 10 u,g of gentamicin per ml, and 0.05 ml of antigen 
(20 u-g/ml) or medium were added to each well of a microtiter 
plate. For the proliferation assay of the murine T-cell line, 2 
x 10 4 resting cells in 0.1 ml of medium were incubated with 
5 x 10 5 irradiated splenocytes suspended in 0.1 ml of 
medium and 0.05 ml of antigen (20 u,g/ml) or medium. 
Cultures of splenocytes were incubated for 144 h at 37°C in 
5% C0 2 , whereas cultures of the T-cell line were incubated 
for 72 h; 16 h before cell harvest, 0.5 u-Ci of [ 3 H]thymidine 
(specific activity, 6.7 Ci/mmol; New England Nuclear, Bos- 
ton, Mass.) was added to each well. The final concentration 
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FIG. 1. Western blot analysis ofCW/M with MAb to hsp 70. One 
hundred twenty-five micrograms of CW/M was electrophoresed in 
10% gels, transferred to nitrocellulose, and reacted with a 1:800 
dilution of either MAb 7.10 (lane A), which was raised against 
DrosophUa hsp 70, or MAb N-27F3-4 (lane B), which was raised 
against human hsp 70. Molecular weight markers (10 3 ) are on the 
left. 



of the 80-kDa protein in a well was 4 u.g/ml, which was an 
optimal concentration. Responses by cells to the 80-kDa 
antigen were considered positive when they were greater 
than or equal to three times the response of cells incubated 
in medium alone. 

Statistics. The Mantel-Haenszel test was used to analyze 
survival of if. capsulatum-mi^ci^ mice immunized with the 
80-kDa antigen or BSA (24). The Wilcoxon rank sum test 
was used to analyze differences between groups. For both 
tests, P < 0.05 was considered significant. 

RESULTS 

Western blot analysis of CW/M. We sought to determine by 
immunoblot analysis if CW/M contained determinants rec- 
ognized by MAb to members of the hsp 70 family. As shown 
in Fig. 1, MAb to DrosophUa hsp 70 and to human hsp 70 
reacted identically with CW/M. Four bands with various 
staining intensities were evident at molecular masses of 80, 
66, 54 and 32 kDa. The curvilinear appearance of the 80- and 
66-kDa bands was caused by intentional overloading of the 
gel with protein. This was done in order to ensure transfer of 
the many proteins in CW/M. Moreover, the patterns of 




FIG. 2. SDS-PAGE analysis of the 80-kDa antigen. One micro- 
gram of protein was electrophoresed in a 10% gel and then stained 
with silver. Molecular weight markers (10 3 ) are on the left. 



bands produced by incubating MAb to hsp 70 with CW/M 
were similar whether CW/M was produced from yeast cells 
subjected to heat shock (42°C for 2 h) or not (data not 
shown). No immunoreactive bands were apparent if CW/M 
was exposed to control antibodies. Thus, CW/M contained a 
determinant or determinants that were recognized by two 
disparate MAb to hsp 70. 

Electrophoretic appearance of the 80-kDa protein and im- 
munoblot analysis. We had reported previously that a murine 
T-cell line derived from C57BL/6 mice responded to a region 
of CW/M that encompassed 69 to 82 kDa (12). Therefore, it 
was postulated that the 80-kDa band that recognized MAb to 
hsp 70 might be one of the antigens within that region. The 
80-kDa protein was isolated from SDS-PAGE gels by elec- 
troelution, and 1 u,g was electrophoresed. Figure 2 illustrates 
that the electroeluted protein migrated as a single band with 
a molecular mass of 80 kDa in a silver-stained gel. All assays 
of the 80-kDa protein were conducted with preparations that 
had a single band, as determined on silver-stained gels. 

To determine whether the 80-kDa protein was recognized 
by MAb to hsp 70, 1 u.g of the protein was electrophoresed, 
transferred to nitrocellulose, and incubated with either rat 
MAb 7.10 or murine MAb N27F3-4 to hsp 70. The results of 
an immunoblot with MAb 7.10 are depicted in Fig. 3. The 
80-kDa protein reacted with MAb to hsp 70. Thus, the 
80-kDa protein possesses an epitope recognized by MAb to 
hsp 70. 

Sera from mice immunized with the 80-kDa antigen recog- 
nize H. capsukUum hsp 70. Since the 80-kDa antigen con- 
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FIG. 4. Electrophoretic appearance of hsp 70 from H. capsula- 
tum (left lane) and Western blot analysis of hsp 70 with MAb 7.10 
(right lane). One microgram of hsp 70 was isolated by ATP affinity 
chromatography and electrophoresed in a 10% gel. The gel was 
stained with silver. One microgram was electrophoresed, trans- 
ferred to nitrocellulose, and incubated with a 1:800 dilution of MAb 
7.10. Molecular weight markers (10 3 ) are depicted on the left. 



FIG. 3. Western blot of the 80-kDa antigen with MAb 7.10. One 
microgram of the 80-kDa antigen was electrophoresed in a 10% gel, 
transferred to nitrocellulose, and incubated with a 1:800 dilution of 
MAb 7.10. Molecular weight markers (10 3 ) are depicted on the left. 



tained a determinant that was immunoreactive with MAb to 
hsp 70, the possibility was explored that sera from mice 
immunized with the 80-kDa antigen would recognize H. 
capsulatum hsp 70. Therefore, pooled sera from mice immu- 
nized with the 80-kDa antigen were tested for reactivity with 
H. capsulatum hsp 70. 

Initially, we sought to isolate hsp 70 from H. capsulatum. 
Since hsp 70 binds to ATP (32), cytosol from yeast cells was 
subjected to ATP affinity chromatography. A 70-kDa protein 
eluted from the column with ATP (Fig. 4, left lane). This 
protein was transferred to nitrocellulose and immunoblotted 
with MAb 7.10. The 70-kDa protein reacted with this MAb 
(Fig. 4, right lane). 

By Western blot analysis, sera from mice immunized with 
the 80-kDa antigen reacted with the 80-kDa antigen and hsp 
70 (Fig. 5, lanes 1 and 3), whereas sera from mice immunized 
with BSA did not recognize either protein (Fig. 5, lanes 2 and 
4). Thus, the 80-kDa antigen was serologically cross-reactive 
with hsp 70. 

NH 3 -tenninal sequence of the 80-kDa antigen. To deter- 
mine whether the 80-kDa antigen was homologous to mem- 
bers of the hsp 70 family at the amino acid level, the protein 
was subjected to microsequencing of the NH 2 terminus. 
Analysis of this sequence revealed a considerable homology 
at the amino acid level with hsp 70 from Saccharomyces 
cerevisiae (72%), D. melanogaster (72%), Escherichia coli 



(56%), and humans (83%) (Table 1). Thus, the 80-kDa 
protein manifests homology to members of the hsp 70 family 
at the amino acid level and by serology. 

The 80-kDa antigen induces DTH responses in mice immu- 
nized with viable yeast cells or with the 80-kDa antigen. Mice 
were injected with yeast cells or with 80 jig of the 80-kDa 
antigen and tested for DTH to this antigen. The DTH 
response by either group of immunized mice was signifi- 
cantly greater (P = 0.01) than that by control animals (Table 
2)- 

Splenocytes from mice injected with yeast cells or with the 
80-kDa antigen proliferate in vitro in response to the 80-kDa 
antigen. Splenocytes from five individual C57BL/6 mice that 
had been immunized with viable //. capsulatum yeast cells 
or from five controls were tested for their capacity to 
recognize the 80-kDa antigen. The results for three mice are 
shown in Table 3. Spleen cells from all immunized mice 
proliferated in response to the antigen, whereas splenocytes 
from unimmunized animals did not. 

Similarly, splenocytes from five individual C57BL/6 mice 
that had been immunized with 80 u.g of the 80-kDa antigen 
recognized this antigen. In contrast, spleen cells from all five 
mice given BSA did not respond to the 80-kDa antigen 
(Table 3). 

The 80-kDa antigen but not hsp 70 from H. capsulatum 
causes proliferation of a T-cell line. Since the CD4* T-cell 
line JC1 had responded to nitrocellulose-bound antigens 
encompassing 70 to 80 kDa (12), we determined whether the 
more purified 80-kDa antigen stimulated JC1. In several 
experiments, JC1 responded to the 80-kDa antigen. As an 
example, the mean (± standard error of the mean [SEM]) 
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TABLE 2. DTH responses to the 80-kDa antigen 
in immunized mice 



Mean (±SEM) footpad thickness (mmf 



Immunization 0 



Before antigen 
challenge 



After antigen 
challenge 



None 


2.00 


± 


0.03 


2.06 


± 


0.01 (3) c 


H. capsulation yeast cells 


2.20 




0.06 


3.15 




0.ll d (43) 


BSA, 80 ng 


2.05 




0.04 


2.09 


± 


0.04 (2) 


80-kDa antigen, 80 jig 


2.05 


± 


0.01 


2.40 


± 


0.03 rf (17) 



° Mice were injected with viable yeast cells as described in Materials and 
Methods. One-half of the total dose of BSA or 80-kDa antigen was injected 
s.c. in CFA; 2 weeks later, the other half of the dose was given in IFA. Mice 
were tested 2 weeks later. 

6 Mean ± SEM for groups of six mice. Mice were tested with 1 jig of the 
80-kDa antigen. 

c Figures in parentheses indicate mean percent increase in footpad thick- 
ness from that measured immediately before antigen challenge. 

d Differences in footpad thickness between controls and immunized mice 
were significant at P = 0.01. 



FIG. 5. Western blot analysis of the 80-kDa antigen and hsp 70, 
using sera from mice immunized with the 80-kDa antigen (lanes 1 
and 3) or BSA (lanes 2 and 4). One microgram of the 80-kDa antigen 
or 1 \Lg of hsp 70 was transferred to nitrocellulose and reacted with 
a 1:1,000 dilution of sera from mice. Lane 1, immune sera with 
80-kDa antigen; lane 2, sera from BSA-injected mice with 80-kDa 
antigen; lane 3, immune sera with H. capsulation hsp 70; lane 4, sera 
from BSA-injected mice with hsp 70. Molecular weight markers 
(10 3 ) are shown on the left. 



proliferative response by JC1 to the 80-kDa antigen that 4 
jig/ml (8,827 ± 720 cpm) exceeded that of cells cultured in 
medium alone (1,070 ± 73 cpm). 

In a separate set of experiments, we tested hsp 70 from //. 
capsulation for its capacity to stimulate JC1. In three exper- 
iments, hsp 70 did not induce proliferation of JC1. In one 
experiment, the response by JC1 to hsp 70 at 5 ng/ml (1,487 
± 200 cpm) was not substantially higher than background 
(1,203 ± 197 cpm). As a positive control, JC1 mounted a 
brisk response to 5 ng of CW/M per ml (20,621 ± 3,734 cpm). 

Protective efficacy of the 80-kDa antigen. Groups of mice 
were immunized with 80 u,g of the 80-kDa antigen or with an 
equal amount of BSA. After immunization, the animals were 
challenged with a sublethal inoculum (6 x 10 5 ) of yeast cells. 
One week later, the animals were sacrificed, and the number 



TABLE 1. Comparison of amino acid sequence of the 80-kDa 
antigen with sequences of hsp 70 from other species 



Protein 0 



Amino acid sequence 6 



He 80-kDa Ag 


A F A 


V 


- 0 


i 


D 


L 


0 


T 


T 


Y 


8 


V 


V 


0 


I 


F 


Sc hsp 70 


A 


I 


- a 


i 


c 


L 


a 


X 


X 


I 


a 


c 


2 


A 


H 


E 


Dm hsp 70 


A 


Y 


- a 


i 


c 


L 


Q 


X 


X 


I 


a 


c 


y 


q 


V 


y 


Ec hsp 70 


E 


I 


i a 


i 


D 


L 


a 


X 


X 


u 


a 


c 


Y 


A 


I 


u 


Hu hsp 70 


AAA 


I 


- a 


i 


12 


L 


a 


i 


I 


I 


a 


c 


2 


Q 


V 


£ 



° He 80-kDa Ag, 80-kDa antigen from H. capsulatum; Sc hsp 70, hsp 70 
from 5. cerevisiae; Dm hsp 70, hsp 70 from D. melanogaster, Ec hsp 70, hsp 
70 from E. coti; Hu hsp 70, human hsp 70. 

b Single-letter code used. Amino acids that are identical to those in the 
80-kDa protein are underlined. Amino acid sequences were obtained from 
GcnBank and reference 20. 



of H. capsulatum CFU in spleens was quantitated. The 
mean (±SEM) number of CFU in spleens of mice {n = 10) 
given the 80-kDa antigen (43.0 x 10 4 ± 2.2 x 10 4 CFU) was 
significantly fewer {P < 0.01) than that in spleens of mice (n 
= 10) injected with BSA (114.1 x 10 4 ± 6.4 x 10 4 CFU). 

Subsequently, groups of six mice immunized with the 
80-kDa antigen or with BSA were injected with a lethal 
inoculum (4 x 10 6 ) of yeast cells and were observed daily. In 
the 80-kDa-antigen-immunized group, three mice died on 
day 9, two mice died on day 10, and another mouse expired 
on day 11. In the controls, one mouse died on day 9, three 
died on day 10, and another died on day 11. Mantel -Haenszel 
analysis of survival revealed no statistical differences be- 
tween groups {P > 0.05). Thus, the 80-kDa antigen reduced 
CFU in spleens of mice challenged with a lethal dose but 
failed to protect mice against a lethal challenge. 

DISCUSSION 

In this study, we examined the possibility that CW/M 
contained a determinant or determinants recognized by MAb 
to hsp 70. The rationale for this set of experiments was based 
on the previous finding that CW/M contained antigens whose 
molecular masses were similar to those of members of the 
hsp 70 family, that is, between 70 and 80 kDa (12). Western 
blot analysis revealed that two distinct MAb to hsp 70 
produced identical patterns of reactivity with CW/M. Four 
bands with molecular masses of 80, 66, 54, and 32 kDa 
recognized both MAb. The profile of immunoblots suggests 
that these MAb recognized degradation products of hsp 70 in 
CW/M. This finding is not surprising since production of 
CW/M requires physical disruption of yeast cells. Disruption 
was performed in a buffer containing protease inhibitors and 
on ice. Nevertheless, it is still likely that some intact proteins 
are exposed to proteolytic enzymes and intense heat, which 
promote degradation. 

Although there were several reactive bands, attention was 
focused on the 80-kDa protein because its molecular mass 
was in the region of that of nitrocellulose-bound antigen that 
caused stimulation of a murine T-cell line (12). Therefore, 
this protein was isolated from CW/M and tested for antige- 
nicity and immunogenicity. 

Serological studies strongly suggested that the 80-kDa 
protein shared a determinant or determinants with H. cap- 
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TABLE 3. Reactivity of splenocytes from immunized mice to the 80-kDa antigen in vitro 



Immunization" 



Stimulus* 



[ 3 H]thymidine incorporation (mean cpm ± SEMf 





Expt 1 


Expt 


2 


Expt 3 


Medium 


4,007 ± 131 


5,502 ± 


106 


94 ± 4 


80-kDa antigen 


4,675 ± 306 


4,607 ± 


329 


134 ± 28 


Medium 


1,139 ± 80 


803 ± 


267 


544 ± 42 


80-kDa antigen 


7,157 ± 618 


19,351 ± 


1,838 


22,162 ± 961 


Medium 


538 ± 47 


782 ± 


126 


186 ± 21 


80-kDa antigen 


495 ± 156 


896 ± 


158 


346 ± 70 


Medium 


317 ± 30 


466 ± 


48 


210 ± 21 


80-kDa antigen 


6,703 ± 177 


8,350 ± 


473 


7,649 ± 386 



None 

H. capsulatum yeast cells 

BSA, 80 >ig 
80-kDa antigen 



a See Table 2, footnote a. 

b The final concentration of the 80-kDa antigen was 4 ^ig/ml. 
c Mean ± SEM of triplicate determinations. 



sulatwn hsp 70. In multiple experiments, we were unsuc- 
cessful in isolating the 80-kDa antigen from CW/M by ATP 
affinity chromatography, although //. capsulatum hsp 70 did 
bind to ATP (13). One potential problem was that CW/M is 
highly denatured; thus, the ATP-binding site for the 80-kDa 
protein may have been irrevocably altered. Therefore, to 
determine whether this antigen was homologous to hsp 70, 
amino-terminal sequencing was performed. A comparison of 
the amino acid sequences of the 80-kDa protein and hsp 70 
from several species revealed a high degree of similarity. 
Thus, the 80-kDa antigen appears to be a homolog of hsp 70. 
The true identity of this antigen will be determined only once 
the gene has been cloned and sequenced. 

The observation that a homolog of hsp 70, viz., the 80-kDa 
antigen, was present in the cell wall or cell membrane was 
unexpected since most proteins that are members of the hsp 
70 family are present in the nucleus or cytoplasm of cells 
(23). However, there is precedent for expression of members 
of the hsp 70 family in the cell wall and cell membrane. A 
Plasmodium falciparum antigen that has 55% sequence 
homology to hsp 70 appears to reside on the surface of 
merozoites (1). A 75-kDa protein from Chlamydia tracho- 
matis is present on the surface of elementary bodies (7). In 
addition, the cell membrane of cells of a murine B-cell 
lymphoma line, LK 35.2, contains a peptide-binding protein 
that is a member of the hsp 70 family (29). Preliminary 
experiments indicate by immunofluorescence that the 80- 
kDa antigen is not on the surface of H. capsulatum yeast 
cells (13). Studies are planned to identify more precisely the 
location of the 80-kDa protein in H. capsulatum yeast cells. 

Additional studies of this antigen demonstrated that 
C57BL/6 mice immunized with viable yeast cells mounted a 
DTH response to the 80-kDa antigen and splenocytes from 
these mice proliferated in response to it. Furthermore, 
inoculation of the 80-kDa antigen in Freund's adjuvant 
induced cutaneous reactivity and in vitro blastogenic re- 
sponses to the 80-kDa antigen. This antigen, therefore, is a 
target of the cellular immune response to H. capsulatum and 
induces cell-mediated immune responses. Moreover, since 
the antigen did not stimulate normal splenocytes, the data 
suggest that it is neither a mitogen nor a superantigen. 

Members of the hsp 70 family are highly conserved at the 
amino acid level among eukaryotes and prokaryotes (20, 21, 
23). The function of these proteins is to maintain polypep- 
tides in an unfolded state in order to facilitate transport 
across membranes (6, 8, 10, 23). More recently, hsp 70 or 
homologs thereof from several species of parasites and 
bacteria have been shown to be antigenic. Thus, these 



proteins from P. falciparum (2), Schistosoma mansoni (15), 
Wucheria bancrofti (26), and Mycobacterium sp. (4, 25) 
stimulate either a B-cell- or T-cell-mediated response or 
both. Since the 80-kDa antigen elicited both a cell-mediated 
and a humoral response, the data indicate that H. capsula- 
tum also possesses an antigenic hsp 70 homolog. 

Although the 80-kDa antigen manifests homology to hsp 
70, it differs antigenically from the latter. The murine T-cell 
line responded to the 80-kDa protein but not to H. capsula- 
tum hsp 70. Thus, the 80-kDa protein contains a peptide 
recognized by T cells that is not present in hsp 70. However, 
this finding does not exclude the possibility that cytosolic 
hsp 70 is antigenic since we did not assess whether spleno- 
cytes from mice immunized with H. capsulatum react with 
it. 

In studies of protective immunity, the 80-kDa antigen 
significantly reduced the number of H. capsulatum CFU in 
spleens of mice given a sublethal injection of yeast cells i.v. 
However, it failed to prolong survival in mice given a lethal 
challenge of yeast cells. Why immunization with this antigen 
did not enhance survival among mice given a lethal dose of 
yeast cells is unclear. It is possible that larger quantities of 
the 80-kDa antigen might have significantly enhanced its 
protective capacity. These issues may not be resolved until 
there is a better understanding of host defense mechanisms 
that are operative during histoplasmosis. Nevertheless, it is 
important to recognize that this protein did enhance resis- 
tance to H. capsulatum. 

This study extends the reported number of protective 
antigens in CW/M to two. There is the 80-kDa antigen and a 
previously isolated 62-kDa antigen (14). The latter, however, 
was able to confer protection in mice against a lethal 
challenge that was identical to the challenge employed in this 
study (14). 

In summary, we have isolated an 80-kDa antigen from the 
cell wall and cell membrane of H. capsulatum yeast cells. 
This antigen is cross-reactive with MAb to hsp 70, and it 
manifests similarity at the amino acid level with hsp 70 from 
other species. This antigen induced cellular and humoral 
immune responses and conferred protective immunity. 
Thus, a homolog of hsp 70 from H. capsulatum is antigenic 
and immunogenic. 
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Heat Shock Protein 72 on Tumor Cells 

A Recognition Structure for Natural Killer Cells 1 

Gabriele Multhoff, 2 ' 3 * Claus Botzler, 211 Luise Jennen/ Jorg Schmidt/* Joachim Ellwart, § and 
Rolf Issels** 

Evidence is accumulating that members of the heat shock protein 70 (HSP70) family are found on the cell surface of certain 
tumor cells where they elicit a strong antitumor immune response. We demonstrated that HSP72, the major heat-inducible form 
of the HSP70 group, is located on the cell surface of -60% of the human colon carcinoma cells CX2 with two different mAbs 
by indirect immunofluorescence, by electron microscopy, and by selective cell surface biotinylation. In an effort to analyze the 
role of HSP72 cell surface expression as a tumor-specific recognition structure within an "autologous" tumor system, the CX2 
cells were separated into a stably HSP72 high expressing (CX+: >90%) and a stably HSP72 low expressing (CX-: <20%) 
subline* The expression "autologous" was written in parentheses to indicate that the colon carcinoma sublines CX+- and CX— 
derived from the original CX2 tumor cell line differ with respect to the cell surface expression pattern of HSP72, whereas they 
exhibit an identical cell surface expression pattern of MHC and cellular adhesion molecules (e.g., intercellular cellular adhesion 
molecule, neural cellular adhesion molecule, vascular cellular adhesion molecule). Within this "autologous" tumor cell system, 
we demonstrate that the sensitivity to lysis mediated by adherent non-MHC-restricted effector cells correlates ( p < 0.05) with 
the amount of HSP72 that is expressed on the cell surface. Blocking studies using an HSP7 2 -specific mAb revealed that HSP72 
might act in an MHC-unrestricted manner as a tumor-specific recognition structure for a distinct NK ceil population. The 
Journal of Immunology, 1997, 158: 4341-4350. 



Molecular chaperones are required for a number of fun- 
damental processes especially in the recovery from 
cellular stress. The best studied class of chaperones is 
the group of heat shock proteins (HSP) 4 with a molecular mass of 
70 kDa. Intracellular^ they bind to and stabilize non-native con- 
formations of other proteins and therefore inhibit aggregation of 
unfolded proteins or enable translocation across membranes (1,2). 
It has been reported that HSP70 differentially localizes to the nu- 
cleus (3), to the cytosol, and to the cell surface of certain tumor 
cells (4, 5). Besides their intracellular chaperoning tasks, members 
of the HSP70 family appear to be highly immunostimulatory, e.g., 
in the pathology of several autoimmune diseases (6, 7), inflamma- 
tory processes (8, 9) associated with pathogens, and in the cellular 
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antitumor immune response in vivo and in vitro (10-16). How- 
ever, the reasons why highly conserved proteins like heat shock 
proteins are immunodominant are still not clear. Presently four 
distinct mechanisms for the role of HSP in eliciting immune re- 
sponses are discussed: 1) nonconserved HSP epitopes act as clas- 
sical foreign Ags; 2) HSP cell surface expression is restricted to 
certain tissues or cell types; 3) molecular mimicry exists between 
HSP and non-HSP proteins; 4) HSP act as carrier molecules to 
present immunogenic peptides (17). For all immunostimulalory 
functions, accessibility of HSP to immunocompetent effector cells 
is required. Previous results from our laboratory (5, 21) suggest 
that HSP72, the major heat-inducible form of the HSP70 group, is 
expressed on the plasma membrane of human sarcoma cells after 
heat shock and that this heat-induced cell surface expression cor- 
relates to an increased sensitivity to lysis mediated by NK cells. 
The fact that HSP72 is expressed on the cell surface of only tumor 
cells, but not of normal cells, indicates that HSP72 might act as 
tumor- specific target structures for immunocompetent effector 
ceils. Possible explanations for this tumor specificity could either 
be due to differences in the membrane composition and fluidity of 
membrane lipids (18) or due to a lower pH which is found in 
distinct tumor cell types. For diphtheria toxin, it has been demon- 
strated that low pH results in a conformational change of the glob- 
ular protein into a membrane-bound protein (19). 

In the present study, we demonstrate for human colon carcinoma 
cells that the heat-inducible HSP72 is expressed on the cell mem- 
brane on —60% of the cells under physiologic conditions. A mild 
heat shock does not further enhance the percentage of cells that 
express HSP72 on the cell surface. Separation of CX2 cells into a 
stably HSP72 high expressing CX+ and a stably low expressing 
CX- cell line enabled us to study the role of HSP72 cell surface 
expression as an immunogenic determinant for NK-mediated lysis 
within an "autologous*' tumor cell system. 
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Table I. Antibodies used for phenotypic characterization of effector and tumor cells, antibody blocking studies, and immunoprecipitation 
(methods described below), and cell sorting 



Antibody 


Specificity 


Isotype 


Source 


Isotype control 




lgG2a 


Dianova, Hamburg, Germany 


Isotype control 




IgGI 


Dianova'* 


Vvo/SI 


MHC class 1 


lgG2a 


J. Johnson, LMU, Munich, Germany^ 


1 1 A 1 

L243 


HLA-DR 


lgC2a 


J. Johnson 


Anti-CU54 


ICAM 


IgGI 


Dianova 


Anti-CD56 


NCAM 


lgC1 


Dianova 


Anti-CD 16 


Fc-v RIM 


led 


L/ldrHJvd 


Anti-CD57 


HNK1 


IgM 


Dianova 


VCAM-I 


VCAM 


IgCl 


Dianova 


Anti-CD3 


T cells 


IgGI 


Dianova 


OKT3 


T cells 


lgC2a 


ATCO 


Anti-CD14 


Monocytes 


lgG2a 


Dianova c 


RPN 1197 


HSP72 


igc: 


Amersham, Braunschweig, Germany^' 


3A3 


HSP72 


IgGI 


S. Fox, Northwestern University, Chicago, IL, USA ,W 


CD3/CD16f 56 


T/NK cells 


lgGl/lgG1 


Becton Dickinson, Heidelberg, Germany 


CD45/CD14 


Lymphocytes 


lgGl/lgG2b 


Becton Dickinson 


FITC rabbit anti-mouse 




ig 


Dako 



Antibody blocking studies. 
'* Immunoprecipitation. 
' Cell sorting. 



Materials and Methods 

Cell culture 

The human colon carcinoma cell line CX2 (Tumorbank DKFZ, Heidel- 
berg, Germany) and the subclones CX+ and CX- were cultured in RPM1 
1640 medium (Life Technologies. Eggenstein, Germany) supplemented 
with 10% heat -inactivated FCS (Life Technologies) and antibiotics. 

Hear treatment 

Exponentially growing CX2 cells were treated with a nonlethal tempera- 
ture (41.8°C) for 2 h in a temperature-controlled water bath (Haake E3, 
Karlsruhe. Germany) and were then incubated at 37°C for 12 h. The cell 
viability of the heat-treated cell was always >9S% as determined by trypan 
blue exclusion and propidium iodide staining. 

Generation of adherent NK effector cells 

As previously described (20, 21), PBMC derived from four donors were 
separated into a nonadherent CD3 + T cell fraction and an adherent CD3~ 
(CD16/CD56 positive)-NK cell fraction 1) by sequential incubation on 
plastic tissue culture flasks containing medium supplemented with rlL-2 
( 100 Ill/ml) and 2) by magnetic bead separation and cell sorting as de- 
scribed below using mAb directed against CD3 and CD 14 (22). The CD3J 
NK cell fraction which was used for further investigations on d4 after 
stimulation with rlL-2 (100 IU) was phenotypically characterized by flow 
cytometric analysis using anti-CD3/CDl6/CD56 and CDI4/CD45 double- 
stained Abs as described below. The NK cell fraction was devoid of B 
cells, monocytes, and T cells as determined by flow cytometry. 

mAb, indirect immunofluorescence, FACScan analysis, cell 
sorting 

The Abs described in Table I were used for phenotypic characterization of 
effector and tumor cells (FACScan instrument, Becton Dickinson. Heidel- 
berg. Germany), for cell sorting (FACStar p,U! ' Instrument, Becton Dickin- 
son), for Ab blocking studies, and for immunoprecipitation. 

The flow cytometric studies and the cell sorting experiments of the 
tumor cells were performed with exponentially growing cells and at com- 
parable cell densities. Viable cells were incubated with the respective Abs 
shown above at a final concentration of 1 to 5 fig/0.5 to 1 X 10 6 cells for 
30 min at 4°C. All Abs used for FACScan analysis and cell sorting con- 
tained 0.1% sodium azide; the Abs used for blocking studies were sodium 
azide free. After incubation with the primary Abs, the cells were washed 
twice with PBS/ 10% FCS solution and incubated with a second FITC- 
conjugated rabbit anti-mouse Ig Ab (Dako, Hamburg, Germany) for an- 
other 30 min at 4*C. 

The percentage of positively stained cells was defined as the difference 
of the number of specifically stained, viable cells (propidium iodide neg- 
ative) minus the number of cells stained with an isotype- matched control 



Ab on a FACScan instrument. The data obtained from FACScan analysis 
represent the mean values of at least four independent experiments. 

For cell sorting, 5 X 10* tumor cells were stained with the HSP72- 
specific mAbs (RPN1 197. 3 A3) and rabbit anti-mouse FITC according to 
the protocol described fur flow cytometry. Then, on a FACStar l>lu * instru- 
ment, tumor cells that expressed HSP72 on the cell surface were separated 
from cells that did not express HSP72 on the cell surface. 

The specificity of the HSP72 mAb RPN 1 197 (Amersham) that was used 
in the present study has been demonstrated by Western blot analysis fol- 
lowing two-dimensional and one -dimensional SDS-PAGE in a previous 
study (5): the Ab selectively detects HSP72 r the major heat-inducible form 
of the HSP70 group, and does not cross-react with the constitutive form, 
HSP73. Cytoplasmic HSP72 expression was detectable with the Abs 
RPN1 197 (Amersham, Braunschweig. Germany), 3A3 (S. Fox, Northwest- 
ern University, Chicago, IL), C92F3A-5 (StressGen Biotechnologies 
Corp., Victoria, Canada), and 5GI0 (PharMingen). Cell surface staining, 
cell sorting, and surface biotinylaiion experiments with tumor cells were 
performed with mAb RPN 1 1 97 and mAb 3 A3. The HSP72 high expressing 
(CX+) and the low expressing (CX-) colon carcinoma sublines were 
cultured separately after sorting. 

Cell synchronization 

Cell synchronization at the G,-S boundary of the cell cycle was achieved 
with an aphidicolin (Sigma Chemical Co., St. Louis, MO) block. One day 
after cells were plated, the medium was removed and replaced with me- 
dium containing aphidicolin at a final concentration of 5 jig/ml. After a 
24-h incubation, the cells were washed three times with PBS and refed with 
fresh medium (RPMI 1640 supplemented with 10% FCS). 

Cell cycle analysis 

For the simultaneous determination of HSP72 cell surface expression and 
DNA content, cells were stained with HSP72 mAb and FITC before fix- 
ation and permeabilization. DNA content of CX2 cells was measured by 
flow cytometry according to a method described elsewhere (21, 23). 

Electron microscopy 

PBS-washed CX2, CX-, and CX- tumor cells either untreated or after 
heat shock (42°C for 2 h, 37°C for 12 h) were fixed in 8% paraformalde- 
hyde in HEPES (250 mM) buffer for 1 h. After two washes, free aldehyde 
groups were quenched with 50 mM NH.,CI for 10 min. The cell pellets 
were kept suspended in a volume of 2.1 M sucrose in polyvinylpyrrolidone 
(.17%) at 20°C for 30 min for cryoprotection. Then the cell pellets were 
frozen in liquid nitrogen, and uhrathin sections (70 nm) were cut at 
- 100°C on an Ultracut E microtome (Reichert-Jung FC4E) using a glass 
knife and mounted on 150 mesh Parlodion (Mallinckrodt Specialty Chem- 
icals, Chesterfield, MO>coated nickel grids. Immunogold labeling of 
HSP72 was performed with ultrasmall gold probes followed by silver en- 
hancement according to the method described by Danschcr (24). Briefly, 
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FIGURE t. Cryo-ultratriicfotomy image oi labeled H5P72 oh CX2 human colon carcinoma cells, f hefrozen sections were exposed to.ariti- 
HSP72 mAb (RPN I 1 97, AmershamHol lowed by ultrasmalj gold thai \yas; enhanced with si Iyer. A represent control gold talteting and silver 
enhancement wilhout primary Ab, As demonstrated tn B and C, the labeling of HSP72 U hot restricted lo subcellular compartments in the 
cytoplasm and nucleus; HSP72 can be detected also in veside4ike structures and on cellular projections of the: plasma membrane.. In C two 
neighboring cells are shown that differ with respect to the cell surface expression of HSP72: the cell in the. upper pari eKhibb HS.P72 in the 
Cytoplasm a'nd-on the cell surface; the cell in the: lower pan does not express HSP72 on the cell; surface. Ah additional CX2 tumor cell that does 
not express. HSP7.2 on. the cell surface is. shown in D. Ft 1 1 ed arrows: denote enrichment «f HSP72 on cellular projections on the plasma rnenibrane; 
open arrows mark vesicle-like structures; N indicate* ihe nucleus. A arid B. X 16,000; Cahd D. x 35,000, 
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the g^ds were rinsed and blocked in O.Hfe aceiylatedBSA buWtt Therithe 
grids were incubated with HSP72 mAbfRPNI 197; dilution 1:200) over- 
night at 4"C; After the ceils were washed, they were incubated in AURION 
goar;inti*moiisc lgG/IgM (Amersham) GP-UIlra small gold in Q,Wr BSA 
buffer diluted 1 i75 for 3 h at r«orii temperature. Nonspecific binding tv*as 
blocked by extensive washing in 0.1% ^cryUited BSA butter. An addv 
lional fixation in 2i)% ghitafiddehyde in PBS was performed after irnrm> 
nosuiiiiihg. After silver enhancement, the secttohi were stained in uranyt 
acetate/methyl cellulose and viewed in: a Zeiss EM TOCR electron micro- 
scope. This, method is an approach that applies to the localization of Ag^ 
thai arc local ized in both intracellular and extracellular compartments. 

Selective ceil surface > biotinylaiiop and imrnunoprecipttation 

;Ror detection or HSP72eeM surface expression, viable eel)*; <2 X I0 7 ) were 
:biotin ; ylated with biot in ester (EPN2202, Amersham) for 30 min at 4 # C. 
Afterthc ceUs were: washed, they were lysed for 20 min in keloid lysis 
buncr (iU% Nonidet PMk 250 niM NaCt: 25 riiM Tris-HCL pH 7.5: 5 
inM EDTA: 2 ftg/rnl aprotinin: 1.00 ftg/ml PMSF*. Extracts were clarified 
by microceritrifugatioii for 15 min: at 4*C and: iromunoprecipiUiied with 
HSP72 mAb (RPNIW. 10 /d. or 3A3, 5 /igl or with WoY32 mAb (2 /ig) 
and .50 jt| of gainma-bind plus protein CNSepharosc beads for 3 h at 4*C. 
Then the conjugated Scpharosc beads lidded wiih Ag were washed three 
tinier in tee-cold lysis buffer and resuspended in 75 Ml of sample buffer 
(200 mM DTt 20^ glycerin. 0.12 M Tris. bromphcnol blue), Proteins 
Troiivthe Sepharo.sc beads were separated on a 10% SDS-PAGE, bloated on 
a poiyvinylidine diflunride (WDF) membrane* and detected by: enhanced 
dieituUimineseerice iECLj after imutotijun- with a secondary pero*idase- 
Cpnjacated: streptavidin Ab, 

Cytoplasmic 1ISP72 was detected by reprobiiig of the membranes with 
mAb directed against HSP72 : as described below. 

SDS-PAGE and Western biot analysis 

Equal protein aitiottntN (;1 0 jig)- of cell leak's and 50 ng of rHSP72 I Stress- 
Gen Bioiechnoli>jiies Corpj w'ere: electrophoresed on: 105ft .SDS-PAGE as. 
described previously 1 5) according io the method of LueiiiniU (25). After 
SDS-PAGE; the proteins were^ transferred to Immobilon PVDF membranes 
(Millipore Corp., Bedford. MA) following a / standard protocol (26). ISfoni- 
specific: binding of the nternbrane was blocked with 5% *ktm inilk in PBS. 
The blots were incubated with the |ISP72 primary Ab (Anwrsham) and the 
secondary Ab {goirt ami- mouse IgG peroxidase conjugated, Bio-Rad. Ger- 
many) each for 1 h. immijiie voiiiplexes were detected using the ECL 
detection system ( Anxrsham. Braunschweig, Germany). 

For biotinylated proteins. 20 jtl of the samples were electrophoresed 
and transferred io Jmmobilon PVDF membranes (Milltpt>re Corp.). The 
membranes were blocked for 1 h ai rtiom temperature in PBS containing 
$% blocking reagent: {AmcrsOiam. N1F833) and: \% Tween-20 (Sigma: 
Chewicat Co.), washed three timers for 10 miri: in PBS coma ihi tig \% 
Twcen-20. and probed for 1 h with horseradish pcroxidaserCtmjujaated 
streptavidin (Amersham) diluted" l:l50();in P&S. containing; 
The biotinylated proteins were detected by ihe : ECL system. 

As a control, rHSp72 protein (50 hg) cither untreated or after ipartial 
trypsin digestion (5 min) was run on SDS-PAGE^ and detected by t he HCL 
systein; 

Cytotoxicity assay 

The specificity df rlL-2*iactivaied. purified N K: etrecttif cells (21 J was mon- 
itored in a standard: "Cr release assay (27}. The CX2. CX t , and 
CX™tumof cell lines were used as target veH^/Briefry;:th€ minor cells were 
labeled with a Moek solution of 5 niCi/ml "Crfor 2 h al 37*C. After three 
Washing steps in RPMl 1640/ J 5*% FCS, the cells were counted and ad- 
justed to 1 X I O* cells/ml Then tlje target cells were coincubated with the 
efl'cctor tells at varying E:T ratios ranging from 4t):!j to 5:1 for 4 h at 37X. 
The percentage of speciftc lysis was calculated a^' ftcxperimehta) re- 
lease - sptiiiiuneoiis reteasc:)/(ma)timurti release - spontaneous release:)] 
X 100. The percentage of sporitancotis release 'was calculated as; (sponta-: 
neous releascAmaximai releuse) X ;|00 and was iil ways <2(>% for each 
target cell. 

Ab blocking study 

The inhibition assays, were perforiiied by pteirieubation of the target cells 
with: the tbllowing Abs at a rlnal concentration of 5 jig/1 i&* cells for 
each; Ab; RPN I IV7 lanti-HSP72b;an isoiyr^-matchcd 1'gGI control Ab:; 
and an MHG class I (VV6/32) Ab: (28). After incubation, the cells were 
washed: twice with RRMI 1640/1 6^ PCS, and the cytotoxicity assay wuv 
performed as described abovc ; 
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A B C D E F 

FICURE : X, Western blot ario lysis pf HSP72 Expressed on the plasma 
niembrone ttf biotinylated CX2 tumor cells. Lane. A. &iS?72 pri^tein 
{50 or) detected by the spprifir HSP?2 mAb; fane B, rHSP?2 protein 
after Irypsin cltgestioh;; /,ine5 C and P, imrnMnopretfipitates obtained 
vyiih ahti-H$P72 [iandQ or anti-MHC cla.s* 1 mAb (taneD) from 0.1% 
Nonidet. P-401ys^t<?s after selective cell surface hiofihyialrbh; tahe-E, 
control JtTimuni^reclpitat^s after sejqclive cell surfare biotinylatipn of 
MX-t tumor cells thiit tfa not express; HSP72 on the cell surface (21); 
/jnc F, after washing, the membrane shown in Line E was reprpbeii 
with 30ti-tH5P72 rriAb to irJentify cytoplasmic HSP72 proteins. Left 
margin. Molecular mass standard: 82 and 49 kpa, Arrpvvbeads mark 
proteins with 72- and 45-NDa bartds,: respectively- 



Statistical analysis 

The significance of ditferences between different experimental values was 
assessetl by ineans of Student' s / lest. 

Results 

Cell surface expression and subcellular distribution of HSP72 was 
studied by election microscopy using ultrasmull gold particles and 
silver enhancement i& described in Mutenah and Methods, The 
background staining of €X2 colon carcinoma cells without incu- 
bation with the first A b is shown in Figure I A. The immunoefec- 
iron micrograph presented in Figure IB shows that HSP72 (indi- 
cated as black (Jots) is associated with the plasnia membrane of 
CXi2 colon carcinoma cetls^ Since the membrane was permeable 
before Ab tncubatipn, : HSP72 is a) so detectable in the cytoplasm 
and in the nucleus. The results of HSP72 distribuiiort in CX2 colon 
carcinoma Cells that differ with re.spect to the cell surface: express 
sion is shown in Figure t-C: the cell in the upper jpait of the mi- 
crograph exhibits HSP72 molecules in the cytoplasm, in vesicle^ 
like structures, in the nucleus, and on cellular projections of the 
plasma membrane; the cell in the lower part does not express 
HSP72 on the plasma membrane and in vesicles. Figure IO shows 
additional CX2 tumor cel ls that do not express HSP72 on the cell 
surface: HSP72 is iou nd in the cytoplasm but hot in vesicle- like 
structures. 

Furthermore, HSP72 cell surface expression on CX2 iumor cells 
was shown by selective celt surface biotinylation. A comparison of 
recombinant HSP72 (rHSP72; Fig. 2. la/w A ) with biotinylated 
plasma membranes of CX2 cells reveals that intact HSP72 mole- 
cules can be immunoprecipitated from the cell surface of CX2 
cells (Fig. 2, lane C); lam B depicLs partial digestion products of 
rHSP72 protein after trypsin digestion (stained with HSP72 mAb 
3 A3} that correspond to the additional protein bands found in the 
biotinylated sample {lane C). Figure 2. lime i), represents MHC 
class I molecules iminunpprecipilated with the mAb W6/32. As a 
negati ve control, the biotinylaled immunoprecipifatioh products of 
tumor cells that do not express HSP72 on the: cell surface (MX-K 
21) are shown in hme E, Keprobing of this membrane with HSP72 
mAb (3 A3) exhibits a 72-kDa protein band representing cytoplas- 
mic HSP71 
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hours after aphidicolin release 



untreated 0 3 6 




HSP72 (FITC) 
Log Fluorescence 

FIGURE 3. Simultaneous determination of the cell cycle distribution and HSP72 cell surface expression in untreated and synchronized CX2 
colon carcinoma cells 0, 3, and 6 h after aphidicolin release. Upper row, Flow cytometry histogram profiles showing the DNA content based on 
propidium iodide fluorescence. Lower row, Flow cytometry histogram profiles showing the level of HSP72 cell surface expression during different 
phases of the the cell cycle; dotted line, isotype-matched negative control Ab; solid line, HSP72 mAb. 



Table II. Comparative flow cytometric analysis of MHC, adhesion molecules, and HSP72 cell surface expression (RPN1 197; 3 A3) on CX2, 
CX+, and CX— carcinoma cells (n = 5) 





MHC 1 


MHC II 


ICAM-1 


VCAM 


HNK1 


NCAM 


HSP72 


Antibody 


W6/32 


L243 


Anti-CD54 


Anti-CD106 


Anti-CD57 


Anti-CD56 


Anti-HSP72 


CX2 






+ + 






+ 






(99 ± 0.5) 


(5 ± 3.7) 


(58 ± 2.3) 


(8 ± 0.5) 


(7± 1.5) 


(21 ± 4.6) 


(66 ± 6.8) 


CX+ 


■ + + + 




+ + 






+ 


+ + + 




(99 ± 0.8) 


(10±0.5) 


(68 ± 7.7) 


(11 ±3.5) 


(12 ± 6.6) 


(26 ± 2.3) 


(93 ± 3.4) 


CX- 


+ + + 




+ 






+ 






(99 ± 0.5) 


(10 ±4.7) 


(48 ± 4.5) 


(12 ±4.5) 


(10 ±4.0) 


(24 ± 8.8) 


(18 ±6.0) 



*+4+, >90%; + +, >50%; >20%; <20%. 



Cell surface expression of HSP72 on CX2 cells was quantified 
by indirect immunofluorescence studies using the HSP72-specific 
mAb RPN1197 and 3 A3 followed by FACScan analysis. Under 
physiologic conditions, HSP72 molecules were constantly ex- 
pressed on —60% of the cells as shown in Figure 3. In an attempt 
to answer the question as to whether HSP72 cell surface expres- 
sion is cell cycle associated, flow cytometry was used to measure 
DNA content and heat shock protein cell surface expression si- 
multaneously using aphidicolin-synchronized CX2 cells. Despite 
clear differences in the cell cycle distribution 0^ 3, and 6 h after the 
release of aphidicolin, the HSP72 cell surface expression remained 
uniform (Fig. 3). For further analysis of this phenomenon, the CX2 
carcinoma cell line was separated into a HSP72 high expressing 
(CX+: >90%) and a HSP72 low-expressing (CX-: <20%) sub- 
line. Representative histograms of the phenotypic characterization 
of HSP72 cell surface expression on CX2, CX+, and CX- cell 
lines are shown in Figure 4. Repeated cell sorting experiments 
revealed that the CX— fraction always contains low concentrations 
of CX+ cells; however, directly after sorting no CX+ cells were 



detectable, thus indicating that capping phenomena are responsible 
for this finding. By comparative flow cytometric analysis of MHC, 
adhesion molecules, and HSP expression, we demonstrate that the 
original cell line CX2, the CX+ and the CX- sublines differ only 
in their capacity to express HSP72 on their cell surface but not in 
any of the other tested cell surface markers (Table II). At compa- 
rable cell densities, CX2, CX+, and CX- cells revealed compa- 
rable ICAM-1 expression levels. This cell surface expression pat- 
tern remained stable for at least 30 cell passages. 

In contrast to the profound differences in the cell surface ex- 
pression of HSP72 demonstrated by flow cytometry and electron 
microscopy, the cytoplasmic amount of HSP72 in the original CX2 
cell line and the sublines CX+ and CX- were comparable under 
physiologic conditions and after a mild heat stress (41. 8°C, 2 h; 
37°C, 1 2 h). As shown in Figure 5, a mild heat shock results in a 
comparable induction rate of HSP72 (about 13-fold) in all three 
cell lines. 

To study the subcellular distribution of HSP72 comparative 
electron microscopic analysis of sorted CX+ and CX— cells either 
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HGUR? 5. A, HSP72 irnmurioblot of cytoplasmic ly sates of CX+, 
CX2, and CX- carcinoma cells tinder physiologic conditions (open 
bars) and after a mild heat stress at 41.8*0 for 2 h, followed by a 
recovery period at 37°C for 1 2 h (hatched bars). HSP72 protein 
amounts (arrow) were related to actiri(a). Equal protein amounts (10 
pig) of the cell lysate* were run on 10% SDS-PACE under reducing 
conditions and transferred to nitrocellulose. The 72^kpa protein band 
was dernpnstarted with lhe-HSP7-2-specific mAb andLdetected with the 
ECL system. The immunoblots were quantified by laser densitometry, 
the results represent the mean of at least three independent experi- 
ments. Irisei, One representative immunobtot The relative rate of 
HSP72 induction is indicated below each panel. 



cx- (1$) 




HSP72 (FITC) 
Log Fluorescence 

FIGURE 4* HSP72 cell surface expression on CX2 colon carcinoma 
cells after flow cytometric cell sorting using HSP72-spec i fie m Ab. Re- 
sults are expressed as log green fluorescence intensity vs relative cell 
numbers. Dotted lines represent the isotypenroatchtd negative control; 
solid line. HSP72 mAb. 

untreated (Fig. 6. A and: C). or after heat shock (Fig. 6, B and Z>) 
were performed. The total cytoplasmic amount of HSP72 was in- 
creased about equally in both tumor sublines; however, the sub- 
cellular distribution differs significantly: an enrichment of HSP72 



in vesicle-like structures was predominantly found in CX+ cells 
under physiologic conditions and after heat stress (Fig. 6, A and 
B): CX- cells do not accumulate HSP72 in vesicle-ihke cellular 
compartments under both conditions (Fig. 6, C and D). the HSP72 
cell surface-staining patterns of untreated and heat-treated CX+ 
cells were comparable; no cell surface expression of HSP72 is 
detectable on CX^ cells even after heat shock. 

The role of the differential cell surface expression of HSP72 
within an "autologous \colon carcinoma cell system was analyzed 
with respect to the sensitivity to lysis mediated by adherent NK 
cells. As demonstrated in Figure 1A and Table III, the sensitivity 
to lysis against NK cells was significantly increased (1.794 ± 
0.425; p = 0.033) in the HSP72 high expressing CX+ subline 
compared with the low expressing CX- subline. A comp^spn of 
the sensitivity to lysis of CX- cells to the original CX2 tumor cell 
line revealed an increase in lysis of 1.279 ± 0.178 \p = 0,052). 
Furthermore, heat shock results neither in an increased cell surface 
expression of HSP72 (Figs. 5 and 6) iipr in an elevated sensitivity 
to lysis mediated by NK cells (data not shown); 

By Ab-Wocking assays, the sensitivity to lysis mediated by NK 
cells could be positively correlated to the amount of HS.P72 that is 
expressed at the cell surface (Fig. IB). Using the HSP72-specific 
mAb, the strongest inhibition of lysis Was found with CX +■ cells, 
an intermediate inhibition of lysis was seen with the original CX2 
tumor cell line; and no inhibition of lysis was detectable with: the 
CX- eel! subline. An IgGI isotype^matched control Ab and an 
MHC class 1 -specific Ar> (data not shown) had no inhibitory effect 
oh the lysis pattern of CX2/CX+, and CX -, A calculation of the 
correlation of HSP72 cell surface expression and the sensitivity to 
lysis mediated by NK cells is demonstrated by statistical analysis 
(Tab)e IV). A significant correlation of HSP72 expression and cell 
lysis was found for CX+ (/> = 0.001), CX2 \p = 0.005), and 
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FIGURE 6, Comparative cryo-ultramicrolomy image of labeled HSP72 on CX-t- and CX™ colon carcinoma sublines either untreated or after heat 
shock (4-2«Q for 2 h; 37*C tor 12"). The micrographs iHustrale the subcellular distribution of HSP72 in CX+ and CX- cells under physiologic 
conditions iA and C) and after heat shock t B and 0). Both cell lines show ah increase, in the cytoplasni ic amount 01 HSP72. HSP72 in CX-t- cells 
is predoiiiinahliy localized in vesicle- 1 i ke celt compart merits; in CX- cells HSP72 is localized cytoplasmically. The eel (surface, staining pattern 
remains unaltered in CX-f aridCX- cells after heat shock: Filled 1 arrows denote enrichment of HSP72 on cellular projections go the plasma 
memtoane; open arrows mark . yesic [e-iike structures; "NT indicates the nucleus; x 35,000: 

CX- </> :« 0.032J cells that also exhibit HSP72 on the cell surface 
on - 10 to 20% of the cells. 

Discussion 

Besides their essential intracellular functions Tor the survival of 
eel lis under normal as well as under stressful cond i tions, HSP72 
has been found to be involved in a number of pathologic condi- 
tions where it is regarded as highly immunodominant for the im- 
mune system of the hast: HSP70 proteins play a role in autoim- 
mune diseases (6, 29—31 )< m neurodegenerative diseases (32), in 
inflammatory processes in transplant rejection (6, 33), in virus (9, 
31, 34, 351 and in parasitic infections (36-38). Furthennore. 
members of the HSP70 family elicit strong cellular immune: re- 
sponses against; Cancer (4, 16, 21, 39^43). In this study, we show 
that the sensitivity of tumor cells to lysis mediated by a subset of: 
NK celts correlates: to HSP72 cell surface expression. Previously, 
we ha ve shown that heal stress results in cell surface expression of 
HSP72 on human sarcoma ceils that increases the sensitivity to 
lysis mediated by NK cells (5, 21), Here we demonstrate within an: 
"auu>ii>gous" colon carcinoma ceil system that cell surface expres- 
sion of HSP72 is a relevant; target structure tor an enhanced sen- 
sitivity to lysis even under physiologic conditions. By electron 
microscopic analysis, we show that the capacity of; colon carci- 
noma cells to express HSP72 on the plasma membrane associates 
with diflereniial subcelluiar distribution patterns of HSP7 2; 



Although heat shock proteins are involved in membrane trans- 
port of other proteins, little is known about die mechanisms for 
HSP72 transportation to the plasma membrane. Unlike other mem- 
bers of the heat shock protein families (Grp7$ or Grp96), HSP72 
contains no classic C-tenninal KDEL sequence for endoplasmic 
reticulum (ER) retention nor does it contain any other known sig* 
nut peptide sequences tor transmembrane transport <l 5 k A vesic- 
ular location for basic fibroblast growth factor and IL-I0 and their 
non-ER-GoIgi release suggest a rote for alternative: cytoplasmic 
protein export mechanism (42-44). Experiments Micating that in- 
hibitors of the ER-Golgi route (brefeldin A; colcrmrine) do not block 
eel I surfiice expression of HSP72 have been interpreted as an evidence 
for a non-ER-Golgt pathway ofHSP72 <42). It has been shown Uiat 
the constitutive HSP73 a number of the HSP70 family is located 
inside lysosomal vesicles (45). Members of the HSP70 families may 
ehaperonc other proteins into exosomes and therefore may be incor- 
porated: into vesicles during this: process. Our results derived from 
electron: microscopic; studies demonstrate an accumulatkin of HSP72 
in vesicle-rlike structures predominantly on tumor celts that exhibit an 
HSP72 cell surface expression. According to these findings, one 
might speculate that HSP72 is transported to the plasma membrane 
via lysosontal vesicles on an alternative non-ER-Gotgi route. How- 
ever, anchorage of HSP72 to the plasma membrane still remains enig- 
matic. Since an enrichment of HSP72 is found on cellular projections 
of CX+ tumor cells, one might speculate that HSP72 is associated 
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FIGURE 7. A, Comparison of the sensitiv- 
ity of CX+, CX2, and CX- carcinoma cells 
to lysis mediated by NK-enriched effector 
cells (3-6% CD3; 45-52% CD16; 42-50% 
CD56). Lysis of CX+ cells (open circles) 
was higher than that of CX2 cells (open 
squares) and that of CX- cells (open trian- 
gles). E:T ratios ranged from 5:1 to 40:1. 
Each data point represents the mean value 
of at least three independent experiments. 
The spontaneous release for each target cell 
was <20%. A statistical analysis of the dif- 
ferences in lysis of CX- and CX+ cells and 
of CX- and CX2 cells is shown in Table 111. 
3, Comparative Ab inhibition assay of the 
lysis of CX + , CX2, and CX- cells using 
HSP72 mAb and an lgG1 isotype-rnatehed 
control Ab. The lysis of CX+ and CX2 cells 
that express HSP72 on their cell surface was 
inhibited with the HSP72-speciftc mAb. No 
inhibition of lysis was observed with CX- 
cells. The isotype-matched control Ab had 
no inhibitory effect on the three cell tines. 
E:T ratios ranged from 5:1 to 40:1 . Each data 
point represents the mean value of at least 
three independent experiments. The spon- 
taneous release for each target cell was 
<20%. A statistical analysis of the correla- 
tion of HSP72 cell surface expression and 
the sensitivity to lysis is shown in Table IV. 




E:T ratio E:T ratio E:T ratio 



Table III. Calculation of the specific differences in the percentage 
in lysis of CX+, CX-, and CX2 cells' 1 



Ratio of Lysis 








of Tumor Cells 


Mean Values 


SD 


P 


CX+/CX- 


1.794 


0.425 


0.033* 


CX2/CX- 


1.279 


0.178 


0.052 



*' Data represent the means it SD (n = 4); * Significantly different from control 
levels (p < 0.05) by Student's t test 



with microfilaments in cell surface projections. By selective cell sur- 
face biotinylation of viable tumor cells, a 72-kDa protein was immu- 
noprecipitated with HSP72-specific mAb, thus indicating that intact 
HSP72 is present in the plasma membrane. 

The human colon carcinoma cell line CX2 exhibits an HSP72 
cell surface expression on —60% of the cells under physiologic 
conditions. In an effort to answer the question of whether a distinct 
cell cycle phase correlates to HSP72 cell surface expression, 
aphidicolin-synchronized CX2 colon carcinoma cells were used 
for simultaneous determination of the cell cycle distribution and 
the cell surface expression pattern. In contrast to the induction of 
HSP72 in normal rodent (43) and human cells (47, 48), the HSP72 
expression in human colon carcinoma cells was not associated 
with a distinct phase of the cell cycle. This finding is in line with 
observations of Ferrarini et al. (4) who showed that tumor cells, in 
contrast to normal cells, lack a cell cycle-dependent expression of 
HSP72. 



Table IV. Correlation of the percentage of specific lysis with the 
cell surface expression pattern of HSP72 on CX+, CX-, and 
CX2 cells" 



Ratio of Lysis and 



HSP72 Expression 


Mean Values 


SD 


P 


CX+/ctrl 


0.935 


0,053 


0.094 


CX+/HSP72 


0.560 


0.076 


0.001 * 


CX2/ctrl 


1.130 


0.1 30 


0.145 


CX2/HSP72 


0.604 


0.103 


0.005* 


CX-/ctrl 


1.164 


0.280 


0.327 


CX-/HSP72 


1.217 


0.114 


0.032* 



a Data represent the mean values of inhibition using an HSP72 (RPN1197, 
3 A3) and an isotype-matched IgGI control (Ctrl) antibody ± SD (n = 4); * siR- 
nificanHy different from control levels (p < 0.05) by Student's f test. 



For further investigation of the possible role of HSP72 cell sur- 
face expression on colon carcinoma cells, a HSP72 high express- 
ing (CX+) and a HSP72 low expressing (CX— ) colon carcinoma 
subline were isolated from the CX2 cells. Despite the finding that 
directly after cell sorting no HSP72 cell surface expression was 
detectable on CX- cells, a stable amount of HSP72 expressing 
cells was present in all further cell passages. Since even after ad- 
ditional sorting experiments this low amount of CX+ cells (below 
20%) was detectable in all further cell passages, we speculate that 
Ag capping is responsible for this phenomenon. 

In contrast to the heat-inducible cell surface expression of 
HSP72 in sarcoma cells, heat stress did not alter the cell surface 
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expression pattern of CX+ and CX - cells, despite the fact that the 
cytoplasmic induction of HSP72 was comparable in all tumor cell 
types (5, 21). The electron microscopy data of untreated and heat- 
treated CX+ and CX- cells demonstrate that subcellular distri- 
bution rather than total amount determines the capacity to express 
HSP72 on the plasma membrane. 

Members of the HSP70 family have been shown to elicit a cel- 
lular immune response both in vivo and in vitro (49). Here, the 
sensitivities to lysis of "autologous" colon carcinoma sublines that 
differ only in their capacity to express HSP72 on the cell surface 
were compared. Since our previous studies demonstrated that non- 
MHC-resiricted large granular lymphocytes (21, 50) are relevant 
for the recognition of a stress-inducible, immunogenic HSP72 de- 
terminant, a NK-enriched effector cell population was used for the 
cytotoxicity studies on colon carcinoma sublines. The heat-inde- 
pendent HSP72 cell surface expression on CX2 and CX+ colon 
carcinoma cells strictly correlates with the sensitivity to lysis me- 
diated by NK cells. These data indicate that besides HSP72 no 
additional heat-inducible factor is necessary for the recognition 
mechanism mediated by a HSP72-specific NK cell population. 
Presently, we cannot rule out whether tumor-specific peptides that 
are presented by HSP72 might play a role for NK recognition as 
proposed for T cell recognition of HSP70-associated peptides ( 1 5). 

However, the role of MHC as an inhibitory signal for NK rec- 
ognition as postulated by Moretta et al. (51) can be excluded for 
the HSP72-specific, adherent NK population for several reasons: 
1) the lysis of CX+ and CX- carcinoma cells differed signifi- 
cantly despite the fact that the MHC alleles and the MHC expres- 
sion level in both tumor sublines were identical; 2) by Ab-blocking 
studies no inhibitory effect on the lysis of both tumor sublines was 
observed by using the MHC class I-specific mAb W6/32 (28); 3) 
NK cells with specificity against HSP72 could be isolated from 
PBL of HLA-different human volunteers, thus indicating that the 
MHC background of the effector cell population does not influence 
the HSP72 specificity. 

Decreased NK adhesion and killing induced by down-modula- 
tion of ICAM-1 expression (52) is unlikely since the killing of 
HSP72-expressing tumor cells did not correspond to cell density- 
dependent alterations in the expression levels of the classical cell 
adhesion molecule ICAM-1. The differences in expression of ad- 
hesion molecules on the tumor cells were only marginal and were 
insufficient to explain the differences in susceptibility to lysis and 
binding properties. Furthermore, coating of the target cells with 
Abs directed against ICAM- 1 adhesion determinants had no effect 
on the lysis of susceptible tumor target cells (53, 54). Our results 
derived from Ab-blocking studies using ICAM-1 mAb on different 
carcinoma cell lines are in line with these findings (our unpub- 
lished observations). Besides negative signaling of NK recognition 
by certain MHC alloantigens (55) and positive recognition of car- 
bohydrate-binding proteins via lectin receptors (56) on NK cells, 
one must consider HSP72 expression as an additional possible 
structure that determines the susceptibility of tumor target cells to 
lysis mediated by an NK subpopulation. 

The "autologous" colon carcinoma cell system might provide 
new insights in explaining unusual cell surface localization of 
HSP72 on tumor cells. Comparative analysis of the membrane 
lipid composition, membrane fluidity, or measurement of intracel- 
lular pH in both tumor cell sublines might explain how HSP72 is 
anchored in the plasma membrane. Furthermore, these autologous 
tumor cells provide useful tools with which to study the role of cell 
surface expression of HSP72 in tumorigenicity and metastasis in 
animal models. 
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NK cell clones obtained from three different do- 
nors were tested for their ability to present soluble 
proteins to Ag-specific T cell clones. All NK clones 
were CD2 + CD3"CD56* f whereas the expression of 
CD16 varied from clone to clone. The NK cell clones 
were able to process and present tetanus toxoid (TT) 
to TT-specific T cell clones in a class n HLA re- 
stricted manner. The capacity of NK cell clones to 
function as APC was also observed using the house 
dust mite allergen Der p I and the Der p I-derived 
peptide Val89-Cysll7. As with EBV-transformed B 
cell line, NK cell clones could present the peptide 3- 
13 derived from the 65-kDa heat shock protein of 
Mycobacterium leprae, but they were unable to 
present the whole M. leprae Ag. Freshly isolated NK 
cells, IL-2-activated NK cells, and NK cell lines ex- 
panded in vitro could also process and present TT. 
The ability of the different NK populations to act as 
accessory cells correlated with their levels of class 
II HLA expression. These data demonstrate that NK 
cell clones can efficiently function as APC, however 
they may be restricted in the types of Ag that they 
can process. 

Activation of CD4 + Th cells by soluble protein Ag re- 
quires recognition of Ag in association with class II HLA 
molecules on the surface of APC. Since most soluble Ag 
do not bind in their native form to class II HLA molecules, 
APC have to capture these Ag, internalize and process 
them into short peptides able to bind to class II HLA 
molecules, and then re-expose the Ag-class II HLA com- 
plexes on the cell surface (1). Several studies have been 
performed to investigate the mechanism by which acces- 
sory cells uptake, process, and present Ag to T cells (1, 
2). Recently, it has become clear that the efficiency of Ag 
uptake and the levels of biosynthesis and expression of 
the class II HLA molecules determine to a large extent the 
Ag-presenting capacity of a given cell (2, 3). In addition, 
cytokines produced by the APC contribute to Ag-induced 
T cell activation (4, 5). Besides monocytes and macro- 
phages, other cell types, such as B lymphocytes and 
Langerhans cells/dendritic cells, have been demon- 
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strated to function as APC (5, 6). 

NK cells are defined as LGL 3 that do not express CD3 
or any of the T cell receptor chains, but they are CD56 
positive (7). Almost all of the NK cells isolated from 
normal donors are positive for the low affinity Fey recep- 
tor III (CD 16). However, a minority of CD56 + NK cells fail 
to express CD 16 or express CD 16 at low levels (8). They 
are operationally defined as lymphoid cells that mediate 
non-HLA-restrlcted cytotoxicity against certain tumor 
and virus-infected targets spontaneously and without 
prior sensitization (9). Furthermore, NK cells exert a va- 
riety of functions, including regulatory functions on the 
adaptive immune system and on hematopoiesis and nat- 
ural resistance against microbial infections, which are 
presumably mediated through secretion of cytokines (7- 
10). Recently the availability of NK cell clones provided a 
unique opportunity to study NK cell functions using ho- 
mogeneous cell preparations purged of any contaminant 
cells. 

The aim of the present study was to define whether 
highly purified NK cells and cloned NK cells can function 
as APC in HLA-restricted Ag-specific T cell responses. 
Our results demonstrated, at the clonal level, that acti- 
vated NK cells can present soluble protein Ag to T cell 
clones. Their ability to internalize and process protein Ag 
was observed for both TT and Der p I, which is the major 
allergen In extracts of the house dust mite Der pt. These 
findings Indicate that in addition to their capacity to 
mediate non -HLA-restricted lysis of tumor cells or virus 
infected targets, NK cells have the ability to process and 
present Ag to helper T cells. 

MATERIALS AND METHODS 

Isolation and purification of NK cells. Purification of NK cells 
from Ficoll-Hypaque isolated PBMC was performed using either a 
Percoll gradient or separation by magnetic beads. In the first proce- 
dure, PBMC were incubated for 4 h at 37°C on Petri dishes and then 
passed through a nylon wool column to remove monocytes and B 
cells. Nonadherent lymphocytes were fractionated by centrifugation 
on discontinuous gradients consisting of 30% and 40% Percoll (Phar- 
macia Fine Chemicals, Piscataway, NJ) in PBS containing 10% FCS. 
Low buoyant density and high buoyant density lymphocytes were 
Isolated from the interface and bottom of the Percoll gradients, 
respectively. The population of lymphocytes in the interface fraction 
was highly enriched for cells with LGL morphology. Staining of this 
LGL population with the Leul 1 (antl-CD16) and Leul9 (anti-CD56) 
mAb revealed that between 30 and 50% Leul 1 + Leul9 + cells were 
present. Leu 19* cells were sorted with a FACStar Plus (Becton- 
Dicklnson). The purity of these cells was greater than 99.5% upon 
reanalysls. Contamination of these cells with monocytes was as- 
sessed with phycoerythrin-labeled anti-CD 14 (Leu-M3; Becton-DIck- 
Inson) analyzed by FACScan (Becton-Dickinson) and found to be 

3 Abbreviations used in this paper: LGL, large granular lymphocyte; 
TT, tetanus toxoid: EBV-LCL, EBV-transformed B cell line; Der pt. Der- 
matophagotdes pteronysstnus; hsp. heat shock protein. 
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below detection levels {<0.2%). 

Before cloning, NK cells were purified by separation using mag- 
netic beads. Briefly. 5 to 10 x 10 6 cells were washed in PBS contain- 
ing 1% BSA and 0.1% NaN 3 for 10 min at 250 x g at 4°C. The pellet 
was then incubated for 30 min at 4°C with Leul 1 and Leu 19 mAb 
at a concentration of 1 >tg/10 6 cells. After two washes in PBS/NaN 3 / 
BSA, the cells were incubated with biotlnylated goat anti-mouse 
mAb (Tago, Burllngame, CA), at 1 ug/XQ 0 cells, for 30 min at 4°C. 
The cells were washed twice and the pellet was incubated with 
streptavidin-FlTC for 15 min at 4°C, After two washes in PBS, the 
cells were resuspended In a solution containing magnetic particles 
(1 1) diluted 1:100 in PBS/NaN 3 /BSA. After 5 min incubation at 4°C. 
the cells were loaded to an iron wool column and separated with the 
MACS (Miltenyi, Sunnyvale. CAJ. as described previously (11). The 
cells stained with Leu 11 and Leu 19 mAb were labeled with FITC 
avidin and were sorted to a purity of 99.5%. 

Establishment and culture of NK cell clones. CD16*CD56 + cells 
were resuspended in Yssel's medium (12) containing 1% human 
serum and cloned by limiting dilution at a concentration of one to 
five cells/well in 96- well round bottomed plates (Titertek: Flow Lab- 
oratories. McLean, VA) in the presence of a feeder cell mixture 
consisting of 5 x 10 s irradiated (4000 rad) allogeneic PBMC/ml. 5 x 
10* irradiated (5000 rad) cells/ml of the allogeneic EBV-LCL JY. and 
0.1 ftg/ml purified PHA (Wellcome Diagnostics, Beckenham. United 
Kingdom). After 7 days, 100 p\ of medium containing 20 IU/ml rlL- 
2, kindly provided by Dr. R. Kastelein (DNAX Research Institute. 
Palo Alto, CA). was added to each well. After 12 to 14 days, prolif- 
erating cultures were transferred to 24-well tissue culture plates 
(Linbro; Flow Laboratories) and restimulated with the feeder cell 
mixture. At day 5, the NK clones were washed and further expanded 
in medium containing rlL-2 (20 U/ml)'. At day 8 or 9, they were 
restimulated with the feeder cell mixture. Six to 8 days after the last 
stimulation, the clones were screened in functional assays. 

Cytotoxic assays. Cytotoxic activity was determined using a 51 Cr- 
release assay. Effector cells were mixed with 2 X 10 351 CR-labeled 
target cells in 200-^1 Iscove medium (Gibco, Glasgow, United King- 
dom) with 0.25% BSA in U-shaped wells of a microliter plate, spun 
down at 50 x g, and Incubated for 4 h at 37°C in a humidified 
atmosphere of 5% CO a . The supernatants were harvested using a 
Skatron supernatant collection system (Skatron, Lier, Norway) and 
were counted In a y-counter. The maximum release was determined 
after incubation of the cells in 1 % Triton X- 1 00 and the spontaneous 
release by measuring the release of target cells in medium only. The 
percentage of specific 51 Cr release was determined as follows: 

51 Cr release = 100 x ((experimental release 

- spontaneous release)/(maximum release - spontaneous release)) 

The data are presented as the mean of triplicate measurements. 

Preparation of APC. The NK clones used as A PC were taken 6 to 
8 days after they had been activated by feeder cells, irradiated at 
4000 rad, and washed three times. Before they were added to the 
culture, the NK cell clones were labeled with anti-CD 14 mAb Leu 
M3 to look for possible contamination by residual feeder cells. No 
detectable CD14* cells were observed in these preparations. The 
EBV-LCL and fresh PBMC, used as APC. were irradiated 5000 and 
4000 rad. respectively, and washed twice. 

To test the APC function of freshly Isolated NK cells, three sources 
of irradiated NK cells were used: purified NK cells directly isolated 
from PBMC as described above, purified NK cells cultured in vitro 
for 5 days in the presence of 200 IU/ml of IL-2. and purified NK cell 
lines tested at day 5 after activation with the feeder cell mixture 
described above. These three different types of NK cells were prein- 
cubated overnight in the absence or in the presence of 10 //g/ml of 
TT in 5% CO a at 37°C. NK cells preincubated in medium only and 
Ag-pulsed cells were then irradiated, washed three times, resus- 
pended in medium, and used as APC for the proliferative responses 
of TT specific T cell clones. For chloroquine treatment, the APC were 
suspended at 10 6 /ml in Yssel's medium, and freshly prepared chlo- 
roquine (Sigma Chemical Co., St. Louis, MO) was added at a final 
concentration of 0.1 mM. 30 min before the addition of TT at a 
concentration of 5 ng/m\. After 5 h, the cells were washed three 
times with PBS and fixed with 0.05% glutaraldehyde for 1 min at 
room temperature. The reaction was stopped with 0.2 M lysine in 
PBS. The cells were washed three times and resuspended in medium. 

Cloned Ag-specific T lymphocytes. The TT-specific T cell clones 
827 and SP-F1, SP-F9, SP-F1 1. SP-F15, SP-F17, SP-F3, and SP-F14 
have been obtained from the peripheral blood of a normal donor and 
a severe combined immunodeficient patient reconstituted with fetal 
liver and thymus transplantation, respectively, as described previ- 
ously ( 1 2). The proliferative response of T cell clone 827 is restricted 
by HLA-DR3. Clones SP-F1 and SP-F1 1 are restricted by HLA-DR4. 
whereas clones SP-F9. SP-F15, and SP-F17 recognize TT in the 
context of HLA-DRwl 1 . Clones SP-F3 and SP-F14 are promiscuous 
and recognize Ag processed and presented by any EBV-LCL, regard- 



TABLE I 

Phenotype and cytotoxic activity of NK clones 

Target Cells {% Cr release 6 ) 



NK Clone Phenotype" 



K562 



Jurkat 



Daudf 



F17 



MK36 


CD16 brt * ht 


65 


38 


22 


4 


MK42 


CD16 d,m 


50 


40 


25 


2 


MK81 


CD16- 


10 


7 


3 


0 


LRU I 


CD16 dlm 


40 


33 


30 


3 


LR115 


CDi6 brt<hl 


48 


36 


29 


4 


NPK1 


CD16 brt * M 


53 


48 


45 


1 



° All the clones were CD2*CD3*CD56*. 
b E;Tcell ratio =1:1. 

less of its HLA phenotype (12), The cloned T cell lines, NP-12 and 
NP-14, specific for group I allergens of Der pt were generated from 
the blood of a patient allergic to Der pt by stimulating his PBMC with 
1 Mg/ml of a lyophilized extract of semi-purified Der pt 4 (Diephuls 
Laboratories, Gronlngen, The Netherlands). These clones react with 
the recombinant Der p I molecule and with the Der p I-derived 
peptide Val89-Cysl 17 (VQESYYRYVARE9SCRRPNAQR-FGISNYC). 
The T cell clone. RP1511, specific for Mycobacterium leprae, was 
obtained from a patient suffering from tuberculoid leprosy, as de- 
scribed elsewhere (13). This clone recognizes a peptide sequence on 
the N terminus of the 65-kDa hsp (amino acids 3 to 13; KTIAY- 
DEEARR). which Is an immunodominant epitope for HLA-DR3- 
restricted, Af. leprae hsp 65 -reactive cells. 

Ag-lnduced T cell proliferation. Nine to 12 days after the last 
stimulation with the feeder cells mixture, the cloned T cells were 
washed three times, and 2 x 10* of these cells were Incubated with 
2X10* irradiated (5000 rad) APC In the presence or absence of 
soluble TT at a final dilution of 5 Mg/ml; the Der pt Ag or the Der p 
I-derived peptide Val89-Cysll7 at a concentration of 1 pg/ml; the 
Af. leprae or the M. leprae hsp 65-derlved peptide aa. 3 to 13, in a 
final volume of 200 n\ Yssel's medium with 1 % human AB + serum. 
After 3 days of incubation, 1 M Ci ( 3 H]TdR (New England Nuclear, 
Dreielch, Federal Republic of Germany) was added to each well. Four 
hours later, the cells were harvested onto glass fiber strips using a 
semi-automated cell harvester, and the amount of incorporated pH] 
TdR was assessed by liquid scintillation counting. The results are 
expressed as the mean of triplicate cultures ± SD. The effect of mAb 
on the proliferative capacity of T cell clones was determined by 
adding varying amounts of mAb at the onset of the cultures. The 
following mAb were used as ascites fluid: W6/32, which detects a 
common determinant on class I HLA molecules (Sera Lab, Crowley 
Down, United Kingdom); mAb SPV-L3. which reacts with a mono- 
morphic determinant on HLA-Dg molecules (14); and mAb Q5/13, 
which detects a determinant common to HLA-DR and HLA-DP mol- 
ecules (a kind gift from Dr. S. Ferrone. Medical College. Valhalla, 
NY) (15). 

Fluorescence analysis. One hundred thousand cells were added 
per well of a V-bottomed microtiter plate and washed once with PBS 
containing 0.02 mM NaN 3 and 1% BSA. The cells were then incu- 
bated with the following mAb: the anti-CD2 mAb CLB-11 (kindly 
provided by Dr. R. Van Lier, Central Laboratory of The Netherlands 
Red Cross Blood Transfusion Service. The Netherlands), the antl- 
CD3 mAb Leu4, the anti-CD56 mAb Leul9. the antl-CD16 mAb 
Leu II (Becton-Dickinson). and the anti-HLA-DR.DP mAb Q5/13. 
After 30 min at 4°C. the cells were washed twice In PBS/NaN 3 /BSA 
and incubated with a 1 :40 dilution of FITC-labeled F(ab') 2 fragments 
of goat anti-mouse IgG (Tago. Burllngame, CA) for 30 min at 4°C. 
After three washes, the cells were analyzed using a FACScan (Bec- 
ton-Dickinson). As a monocyte marker, the anti-CD 14 mAb (Leu- 
M3, Becton-Dickinson), directly labeled with phycocrythrln, was 
used. 



RESULTS 

Phenotype and cytotoxic activity of NK cell clones. 
Cloned NK cell lines were isolated from three different 
donors. Their phenotypic characterization and cytolytic 
activity are shown in Table I. All NK clones were 
CD2 + CD3"CD56 + but differed in their CD 16 expression. 
The NK clones MK36. LRUS, and NPK1 were CD16 br '* ht . 
clones MK42 and LR111 were CD16 d,n \ whereas clone 
MK81 did not express detectable levels of CD16. All NK 

* Yssel. H., H. Gascan, P. Schneider. H. Spits and J. E. de Vrles. 1991 . 
Excessive IL-4 production by allergen specific T cell clones from atopic 
patients is responsible for induction of IgE synthesis. Submitted for 
publication. 



* 



Figure i. Proliferative responses of TT- 
speclfic CD4 + T cell clones SP-F1 and SP- 
Fll, which arc restricted by HLA-DR4; SP- 
F15 and SP-F17, which are restricted by 
HLA-DRw ] 1; and 827, which is restricted 
by HLA-DR3. to TT (5 jig/ml) presented 
either by the NK clones MK36. MK42. 
MK81, LR1 15, LR1 1 1, and NPK1 or by the 
autologous EBV-LCL SPS and HSY. 
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TABLE- II 

Effect of different Ag concentrations presented by NK cell clones on 
the proliferative responses of TF-spectflc T cell clones 



TABLE IV 
Ag processing by NK cell clones 



Responder T |TT) [tig/ 



APC° ([ 3 H|TdR Incorporation cpm x NT 3 ) 



Cell Clones ml) 


Medium MK36 b 


MK42 b 


MK81 b 


SPS b 


Fl 15 


2.6 40.6 


38.3 


42.6 


58.0 


3 


0,5 33.2 


34.1 


35.0 


61.0 


0.6 


0.2 15.1 


17.4 


18.2 


55.3 


0.12 


0.3 2.9 


3.4 


4.4 


44.4 


0.024 


0.1 1.9 


1.5 


1.9 


20.7 


0.0048 


0.1 0.7 


1.1 


1.0 


0.6 


Medium 


0.1 0.6 


1.3 


0.4 


0.2 


F14 15 


1.3 8.3 


8.2 


11.3 


4.4 


3 


2.9 10.0 


9.0 


14.6 


12.6 


0.6 


3.8 10.4 


10. 1 


16.0 


20.8 


0.12 


1.4 11.5 


11.3 


20.5 


26.6 


0.024 


0.1 4.8 


5.3 


15.0 


22.9 


0.0048 


0.1 1.0 


1.2 


2.2 


4.8 


Medium 


0.1 0.4 


0.2 


0.2 


0.2 


a APC:responder ratio = 1 : 


1. 








"The NK cell clones MK36, MK42. and MK81. and the EBV-LCL SPS 


were Isolated from the same donor and arc HLA-DR4,wl 1 , 






TABLE III 








Effect of anti-HLA mAb on the proliferative response of T cell clone 




SP-F17to TT 












APC 


% inhibition of 


mAb 


inAb b dilution 


proliferation) 








SPS e 


MK81 d MK42 rt 


W6/32 (anti-HLA-A.B.C) 


1:200 


4 


15 


5 




1:600 


0 


12 


0 




1:1800 


0 


15 


0 


SPV-L3 (anti-HLA-DQ) 


1:200 


2 


16 


1 




1:600 


0 


0 


0 




1:1800 


O 


0 


0 


Q5/ 1 3 (antt-HLA-DP.DR) 


1:200 


80 


75 


81 




1:600 


68 


70 


57 




1:1800 


45 


48 


31 



"The proliferative response of F17 to Tr (5 jig/ml) in the absence of 
mAb was 28.9 ± 2.1 with SPS. 1 1 .6 ± 1.0 with MK81, and 34.5 ± 2.7 
with MK42 as APC (cpm x lO -11 ). 

b mAb were used as ascites fluid. 

c SPS is an EBV cell line. 

d MK81 and MK42 arc NK clones originated from the same donor as 
SPS. 

clones expressed high levels of class II HLA Ag as shown 
for clone MK36 (see Figure 4F). All the NK clones were 
highly cytotoxic for the NK-sensitive target cells K562, 
Daudi, and Jurkat at E:T ratios of 1:1 (Table I) or 10:1 
(data not shown), except for MK81, which only killed 
these NK-sensitive target cells efficiently at E:T ratios of 
10:1 (data not shown). On the other hand, all NK clones 
had no or very low cytotoxic activity against CD4 + TT- 



APC 



Treatment before Fixation 



Responder T Celt Clones (| a H) 
TdR Incorporation cpm x 

ict* 1 ) 







F3 


Fll 


F17 


F9 


Medium 


Medium 


0.3 


0.1 


0.2 


0.1 


MK36 


Medium 


0.1 


0.1 


0.2 


0.1 




TT b 


19.8 


2.0 


15.0 


8.9 




TT + chloroquinc 


9.8 


0.5 


0.7 


0.1 


MK36 (TT) 1 ' 


Chloroquine 


32.6 


19.7 


17.6 


ND 


MK81 


Medium 


ND 


0.4 


0.8 


ND 




TT 


ND 


18.9 


22.3 


ND 




TT 4- chloroquinc 


ND 


1.0 


4.6 


ND 



w In all cases, the SD was <10% of the total cpm. 
b TT: 5/ig/ml. 

c MK36 prcincubated overnight with TT, washed, and then put in the 
presence of chloroquinc. 



specific T cell clone F 1 7, which was included as a control, 
non-NK-sensitive, target cell. 

NK cell clones can present TT to CD4 + T cell clones. 
To determine whether NK cell clones could process and 
present Ag, NK clones obtained from three different do- 
nors were tested for their capacity to present TT to CD4 + 
TT-specific T cell clones. In Figure 1, it is shown that 
cloned NK cells can present TT to the T cell clones SP- 
Fl, SP-F11, SP-F15. SP-F17, and 827 in a class II HLA- 
restricted fashion. The cloned TT-specific T cell line SP- 
Fl and SP-F1 1 are restricted by HLA-DR4, whereas the 
T cell clones SP-F15 and SP-F17 recognize the Ag In the 
context of HLA-DRw 1 1. All four of these clones prolifer- 
ated in response to TT, presented by the DR4,wl 1 -posi- 
tive NK clones MK36, MK42, and MK81. Furthermore, 
the HLA-DRw 1 1 -restricted T cell clones SP-F15 and SP- 
F17 proliferated also in response to TT presented by the 
NK cell clone NPK1, which is homozygous for HLA- 
DRwl 1. The HLA-DR3-restricted T cell clone 827 recog- 
nized TT presented by the NK clones LR1 15 and LR1 1 1 
that express HLA-DR2,3. The proliferative responses of 
the CD4 + T cell clones to optimal concentrations of TT (5 
Mg/ml) presented by the NK clones were in the same range 
as those obtained when the class II HLA-matched EBV- 
LCL. SPS and HSY (Fig. 1), or PBMC (data not shown) 
were used as APC. This was also the case when the APC, 
either NK cells or the EBV-LCL, were used at suboptimal 
concentrations (less than 1:1 ratio; data not shown). 
However, at suboptimal concentrations of Ag, EBV-LCL 
were more efficient APC than the NK clones (Table II). At 
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Figure 2. Proliferative responses of house dust mite-speciftc T cell 
clones NP-1 2 (A) and NP-44 (B) to Der p I Ag and to Der p I-derived peptide 
Val89-Cysl 17. As APC, the autologous NK cell clone NPKl, HLA-DRwl 1 
matched NK cell clone MK81. autologous PBMC, and EBV-LCL were used. 

concentrations of TT as low as 0.02 vg/ml EBV-LCL 
were still able to induce moderate proliferative responses, 
whereas those induced by the NK cell clones were in 
general very low. 

The notion that the TT-speclf ic proliferative responses 
of the T cell clones were restricted by the HLA-DR Ag of 
the NK cell clones used as APC was confirmed by blocking 
studies with mAb against class II HLA Ag. In Table III, it 
is shown that the proliferative responses of T cell clone 
SP-F17 to TT, presented by the NK clones MK81 and 
MK42, were blocked by the mAb 95/13, which is specific 
for HLA-DP.DR, but not by the mAb SPV-L3 and W6/32, 
which are directed against the HLA-DQ and the HLA class 
I Ag, respectively. Comparable results were found with 
the other TT-speclf ic T cell clones (data not shown). 

To exclude the possibility that the T cell clones recog- 
nize TT peptides, which could be present as contami- 



nants in the TT preparation, the NK clones MK81 and 
MK36 were pulsed with TT in the presence or absence of 
chloroquine. which Inhibits intracellular Ag processing 
(16). The cells were then fixed with glutaraldehyde to 
prevent any further processing and used as APC. As 
additional control. NK clone MK36 was incubated over- 
night with TT, washed, and then cultured in the presence 
of chloroquine plus responder T cells. In this case, chlo- 
roquine should not have any inhibitory effect because it 
was added to the culture after the uptake and processing 
of the Ag by the NK-APC. In Table IV, it is shown that 
the NK cell clones pulsed with TT and then fixed with 
glutaraldehyde can present Ag to the T cell clones SP-F3, 
SP-F1 1 , SP-F17, and SP-F9. The addition of chloroquine 
during the Ag pulse resulted in strong reduction of prolif- 
eration of all four T cell clones tested. Treatment of MK36 
cells with chloroquine, after the cells had been preincu- 
bated overnight with TT but before fixation, did not affect 
the proliferative responses of the T cell clone, indicating 
that chloroquine had no toxic effects. These data dem- 
onstrate that NK cell clones can internalize and process 
soluble protein Ag such as TT and express it on the 
membrane in form of a short peptide. 

NK cell clones present the major house dust mite 
allergen Der p 1 to Der p I-specific T cell clones. The 
capacity of NK clones to present soluble proteins to Ag- 
specif ic T cell clones is not restricted to TT. In Figure 2, 
It is shown that the NK cell clone MK81. which is HLA- 
DRwl 1 -compatible with donor NP, and the autologous 
NK clone NPKl. effectively present recombinant Der p I 
to the Der p I specific CD4 + T cell clones NP-1 2 and NP- 
44. In addition, NP-1 2 arid NP-44 proliferated in response 
to the Der p I-derived peptide Val89-Cysll7 presented 
by the NK clones. The levels of proliferation towards Der 
p I or Val89-Cysl 17 peptide presented by the NK clones 
were lower or comparable, respectively, to those obtained 
when the autologous EBV-transformed B cell line NP- 
EBV or PBMC of donor NP were used as APC. 

NK cell clones Jail to present whole M. leprae, but can 
present effectively the M. leprae hsp 65-deriued pep- 
tide aa. 3-13. NK cell clones LR1 1 1 and LR1 15 were very 
inefficient in presenting the M. leprae to Ag-specific 
CD4 + T cell clones as compared with PBMC (Fig. 3A). This 
failure is not unique for NK cells, since the autologous 
EBV-transformed B cell lines were also inefficient APC 
for M. leprae. However, when very high concentrations 
(100 /ig/ml) of Ag were used, low responses could be 
induced even using NK clones or EBV-LCL as APC. In 
contrast, PBMC were effective in presenting the whole M. 
leprae Ag to the specific CD4 + T cells. The T cell prolif- 
eration was dependent on the Ag concentrations. It has 
been reported previously that the monocytes present in 
the PBMC are responsible for uptake, processing, and 
presentation of M. leprae (17). The defective presentation 
of M. leprae by both NK cell clones and EBV-LCL is not 
due to their inability to present the relevant antigenic 
peptide, because both cell types could effectively present 
the 65-kDa-derived peptide 3-13 to the M. feprae-specific 
T cell clones (Fig. 3B). It is therefore likely that NK cell 
clones and EBV-LCL, in contrast to monocytes, are una- 
ble to uptake or process the whole Af. leprae. However, 
this failure is related to the characteristic of the Ag and 
is not due to an intrinsic inability of the NK clones to 
uptake or process soluble protein Ag, since they could 
process TT and Der p I (Figs. 1 and 2), 
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Antigen concentration (ng/ml) 

Figure 3. Proliferative responses of M. leprae-specific T cell clone RP-151 1 to different concentrations of M. leprae (A) and M. /eprae-derived 
peptide aa. 3-13 (H). As APC. the autologous NK clones NK-LK1 1 1 and NK-LR1 15. PBMC, and EBV-LCL were used. 



TABLE V 

Proliferative response of T cell clones to TT presented byjresh NK 

cells 

Responder T Cell 
Clones [[ 3 H|TdR 
A p C a incorporation cpm x 

10" 3 ) 









F3 


F14 


SPS 


1 


\ b 


36.7' 


18.9 




3 


1 


52.1 


31.3 


PBMC 


1 


1 


27.8 


11.2 




3 


1 


40.4 


17.0 


NK fresh 


1 


1 


10.0 


1.2 




3 


1 


16.5 


5.7 


NK + IL-2 


1 


1 


38.0 


18.1 




3 


.1 


29.8 


20.1 


NK + feeder 


1 


1 


52.8 


37,2 




3 


:1 


53.3 


38.7 


Medium 






1.3 


0.5 



° Preincubated overnight with 10 /xg/ml of TT. The proliferative re- 
sponses of the T cell clones in the presence of non-Ag pulsed APC were, 
in every situation, comparable or less than those observed when these T 
cell clones were cultured in medium only (i.e., in the absence of APC). 

b APC:responder ratio. 

c Results are expressed as the mean cpm obtained in three different 
experiments performed on three different normal donors. In all cases, the 
SD was <10% of the total cpm. 

APC Junction of freshly isolated NK cells. To investi- 
gate whether fresh NK cells can also process and present 
Ag, we isolated NK cells from peripheral blood of normal 
donors and tested their ability to present TT to the CD4 + 
T cell clones SP-F3 and SP-F14. These TT-specific clones 



were used as responder cells because they have the par- 
ticular property to recognize processed TT in association 
with any HLA-DR molecule (12). Therefore, their prolif- 
erative responses to TT can be tested using various HLA 
mismatched PBMC, EBV-LCL, or NK clones as APC. 

As shown in Table V, fresh NK cells incubated over- 
night with TT have the capacity to process and present 
Ag. Their APC function is, however, less efficient than 
that of EBV-LCL or PBMC and varied from donor to donor 
(data not shown). The capacity to process and present TT 
was strongly enhanced when the NK cells were activated 
for 5 days with optimal concentrations of rIL-2 (200 U/ 
ml) or with a mixture of feeder cells (as described in 
Materials and Methods). Proliferative responses of F3 
and F14 were comparable when the EBV-LCL SPS, 
PBMC, or IL-2-activated NK cells, isolated from the same 
donor, were used. NK cell lines activated with feeder cells 
induced slightly higher T cell responses to TT. As shown 
in Figure 4, the different degrees of efficiency in Ag 
processing and presentation by freshly Isolated NK, NK 
activated in vitro with IL-2, and NK cell lines, correlated 
with the different degrees of HLA class II expression by 
these cells. 

DISCUSSION 

NK cells are cytotoxic for virally infected cells and 
certain cancer cells and have therefore been implicated 
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Figure 4. HLA-DR.DP expression on EBV-LCL (A), PBMC (B), freshly 
isolated NK cells (C), IL-2 activated NK cells (D). NK cell lines expanded 
with feeder mixture (E). and NK cell clone MK36 (F) was determined by 
FACScan analysis using the 95/13 mAb. 



to play a major role in first line immunodefense against 
malignancies and viral infections (7-9). In addition, NK 
cells have been reported to act as natural suppressor cells 
in graft- vs-host reactions after bone marrow transplan- 
tation (18). Furthermore, NK cells have important im- 
munoregulatory functions that are mediated via cyto- 
kines produced by these cells (7-10). 

In the present study, we demonstrate that highly puri- 
fied activated NK cells and cloned NK process and present 
soluble Ag to CD4 + Ag-specific T cell clones. The ability 
of NK cell clones to present Ag was not due to contami- 
nating monocytes or EBV-LCL from the feeder cell mix- 
ture, since we did not observe detectable CD14+ cells in 
our preparations. More importantly. Ag presentation was 
consistently restricted by the HLA-DR of the particular 
NK clone. In experiments like those presented in Figure 
1 , several clones with different HLA-DR phenotypes cul- 
tured with the same feeder cell mixture could only pres- 
ent Ag to those Ag-specific T cell clones restricted by the 
HLA-DR of the NK clones. 

In addition, our data strongly suggest that freshly iso- 
lated NK cells can also present Ag. In this case it is, 
however, not possible to exclude that some monocytes 
were still present in the purified preparation, although 
our NK cells were rigorously depleted by a combination 
of adherence, nylon wool depletion, and sorting, and we 
could not detect any CD1 4 + cells in these NK populations. 
We show that activated NK cells are generally as effective 



as APC as EBV-LCL and PBMC for both TT and the major 
allergen for house dust mite Der p I. In addition, cloned 
NK cells were able to present a Der p I-derived 29-mer 
peptide. The proliferative responses of TT and Der p I- 
specific T cell clones towards these Ag presented by 
cloned NK cells were restricted by HLA-DR Ag and not by 
HLA-DQ Ag. NK cell clones pretreated with cloroquine 
failed to induce productive T cell proliferation in response 
to TT, indicating that TT presentation required process- 
ing of the Ag and was not mediated via TT-derived pep- 
tides, which could have been present in the TT prepara- 
tions, accommodated in the HLA-DR molecules. Taken 
together, these data indicate that activated NK cells can 
efficiently process and present Ag in a HLA class II- 
restricted fashion to T cell clones and that in this aspect 
they are not different from other APC such as monocytes, 
macrophages, or EBV-LCL. However, it remains to be 
determined whether NK cells can activate resting T cells, 
as has been shown for macrophages and dendritic cells 
(1. 2). Interestingly, cloned NK cells, like EBV-LCL. were 
very inefficient in presenting the M. leprae, whereas 
monocytes have been shown to process and present this 
Ag efficiently (17). Nevertheless, both the cloned NK cells 
and the EBV-LCL were able to present the hsp 65-derived 
peptide aa. 3-13. Therefore, it may be concluded that the 
failure of NK cells or EBV-LCL to effectively present the 
M. leprae to M. teprae-specific CD4 + T cell clones is not 
due to a lack of binding of the immunodominant peptide 
to class II HLA molecules, but is probably related to the 
Inability of these cells to appropriately uptake or process 
this Ag. Similar data have been described for Ag presen- 
tation of soluble bacterial streptolysin O by purified LGL 
isolated by cell sorter and completely depleted of both 
monocytes and dendritic cells (19). However, Scala et al. 
(20) reported that a subset of LGL can function as acces- 
sory cells for soluble streptolysin O. Individual T cell 
epitopes can have processing requirements that differ 
greatly, therefore it is possible that NK cells and EBV- 
LCL can modify and process only certain types of Ag. 

It has been reported that biosynthesis and expression 
of class II HLA molecules are crucial factors to determine 
the Ag presenting capacity of a given cell (3, 21). Cloned 
NK cells express high levels of class II HLA Ag, which 
may account for their capacity to function as efficient 
APC. Freshly isolated NK cells that express very low 
levels of class II HLA were also capable of presenting TT 
to TT-specific T cell clones, although much less effi- 
ciently. The capacity of the freshly isolated NK cells to 
present Ag varied considerably from donor to donor, 
which may be due to the variable levels of HLA-DR mol- 
ecules expressed on these cells. It is possible that a cer- 
tain number of activated NK cells was present in some 
PBMC preparations obtained from normal donors. In ad- 
dition, it is still controversial whether or not all the 
resting NK cells do not express the class II HLA Ag (19, 
22). On the other hand, several cell types, including 
fibroblasts, epithelial and endothelial cells, as well as 
human-activated T cells, can express class II HLA mole- 
cules, but their role as APC has been debated because of 
failure to demonstrate presentation of soluble Ag (23- 
25). It has been reported that activated T cells and class 
II HLA thyroid epithelial cells can present denatured 
protein Ag or peptides to stimulate proliferation of Ag- 
specific T cell lines (25, 26), suggesting that the defect 
was at the level of Ag processing. An alternative possi- 
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bility, supported by recent work on activated T cells by 
Lanzavecchia et al. (27), is that these cells are limited in 
their ability to present conventional Ag such as TT by 
their inefficiency at Ag capture. Since NK cells have the 
capacity to present soluble proteins such as TT or Der p 
h this Implies that they can take up Ag nonspecifically. 
One possibility is that CD 16 (FctRM) and/or related mol- 
ecules, which are absent on most T cells, are involved in 
capturing Ag. 

It is known that cytokines released by APC exert cos- 
timulatory activity in stimulating T cell proliferation. NK 
cell clones produce high levels of GM-CSF, IFN-7, and IL- 
3 and express mRNA for TNF-a and IL-2 (H. Spits, un- 
published data). In contrast, they fail to synthesize IL-1- 
j9 and IL-6, which are considered the most important 
cytokines in determining accessory functions of mono- 
cytes and transformed B cells (4, 5). The fact that acti- 
vated NK cells produce cytokines that can act on T cells 
and that are not synthesized by monocytes or B cells, 
notably IFN-y and IL-3, may imply that the Ag-specific 
responses of T cells is different, depending on the type of 
APC involved. 

In conclusion, this study demonstrates that NK cells 
can efficiently present soluble Ag to T cell clones. It is 
conceivable that NK cells can also function as APC in 
vivo, and more effectively even in situations in which 
local IL-2 production occurs, which results in NK cell 
activation and HLA expression. 
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CD3" Large Granular Lymphocytes Recognize a Heat-Inducible 
Immunogenic Determinant Associated With the 72-kD Heat Shock Protein 

on Human Sarcoma Cells 

By Gabriele Multhoff, Claus Botzler, Marion Wiesnet, GOnther EiBner, and Rolf Issels 



Traditionally, heat shock proteins (HSPs) are believed to be 
located intracellularly, where they perform a variety of chap- 
eroning functions. Recently, evidence has accumulated that 
some tumor cells express HSPs on the cell surface. The pres- 
ent study confirms this finding and correlates HSP72 cell 
surface expression, induced by nonlethal heat shock, with 
an increased sensitivity to interleukin-2-stimulated C03" 
natural killer (NK) cells. After nonlethal heat shock, a mono- 
clonal antibody directed against the major heat-inducible 72- 
kD HSP (HSP72) stains the cell surface of sarcoma cells (ie, 
Ewing's sarcoma cells or osteosarcoma cells) but not that of 
normal cells (ie, peripheral blood lymphocytes, fibroblasts, 
phytohemagglutin-stimulated blasts, B-rymphoblastold cell 
lines) or of mammary carcinoma cell line MX-1 carcinoma 
cells. In this study, we show for the first time a correlation 
of HSP72 cell surface expression with an increased suscepti- 
bility to lysis by NK effector cells. This finding is supported 
by the following points: (1 ) HLA-disparate effector cells show 

HEAT, LIKE OTHER STRESS factors, induces an in- 
creased synthesis of heat shock proteins (HSPs), espe- 
cially of the highly stress-inducible 72-kD HSP (HSP72), a 
member of the HSP70 family. 1 * 4 Intracellularly, HSPs per- 
form a variety of chaperoning functions that help to maintain 
the cytoskeletal integrity and metabolic homeostasis of cells 
under stress conditions. 3 * 6 Members of the HSP70 family, 
HSP72 and HSP73, respectively, 7 * 8 are known to play a role 
in the intracellular translocation, assembly, and disassembly 
of other proteins 9 " 13 and have been shown to bind tumor- 
specific peptides 14 in an adenosine triphoshate-sensitive 
mode. 15,16 Recently, evidence has accumulated that HSPs are 
also localized on the cell surface. 17 " 21 The peptide-binding 
protein that shows high homology to members of the HSP70 
family is found on the cell surface in association with major 
histocompatibility complex (MHC) class-II molecules. 17 Cell 
surface localization of HSP72, the heat-inducible form of 
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similar, elevated lysis of HSP72+ heat-treated sarcoma cells; 
(2) CD3~ NK cells, but not CD3+ cytotoxic T lymphocytes, 
are responsible for the recognition of heat-shocked sarcoma 
cells; (3) by antibody-blocking studies, an Immunogenic 
H5P72 determinant, which is expressed selectively on the 
cell surface of heat-treated sarcoma cells could be correlated 
with NK recognition; (4) the reported phenomenon is inde- 
pendent of a heat-induced, transient downregulation of ma- 
jor histocompatibility complex (MHO dass-l expression; and 
(5) blocking of MHC cJass-l-restricted recognition, using ei- 
ther MHC dass-l-specific monoclonal antibody W6/32 on 
the target cells or a/p T-ceil receptor monoclonal antibody 
WT31 on effector cells, also has no inhibitory effect on the 
lysis of HSP72 + tumor cells. Finally, our In vitro data might 
have further clinical implications with respect to HSP72 as a 
stress-inducible, sarcoma-specific NK recognition structure. 
© 199S by The American Society of Hematology. 



HSP70, was found on affected retro ocular fibroblasts derived 
from patients suffering from Graves' ophthalmopathy 18 and 
on virus-infected cells, 19 but not on normal fibroblasts! 18 In 
BALB/c mice, methylcholanthrene-induced sarcoma cells 
also express HSP70 on the cell surface. 20 Recent data from 
our group 21 showed a heat-inducible cell surface expression 
of HSP72 on different human tumor cell lines. Although 
HSPs are among the most highly conserved proteins 22,23 with 
a wide phylogenetic representation, 24 HSPs have been found 
to act as specific immunogenic determinants expressed on 
tumor cells. 25 " 27 Thus, the question arises as to whether HSPs 
themselves or HSP-associated peptides act as immunogenic 
determinants. Recently, immunogenic peptides were found 
to be associated with HSP70, 28 which can be recognized by 
T cells. In the present report, we addressed the question 
as to whether interleukin-2 (IL- 2) -stimulated natural killer 
(NK) cells, which are known to play an important role in 
the elimination of tumors, might also play a role in the 
recognition of HSPs. The oncolytic function of NK cells can 
be stimulated by the loss of certain MHC class-I alleles on 
tumors 29 ' 31 and can be further enhanced by activation with 
different cytokines, predominantly with IL-2. 32 * 33 Here, we 
show that nonlethal heat shock selectively induces a cell 
surface expression of an immunogenic HSP72 determinant 
on human sarcoma cells that persists for at least 96 hours. 
Furthermore, heat leads to a transient decrease in the MHC 
class-I expression. Functionally, we show that heat shock 
leads to an increased susceptibility to lysis by non-MHC- 
restricted, CD3" NK cells. This phenomenon could be corre- 
lated with the heat-inducible cell surface expression of the 
immunogenic HSP72 determinant 21 but is not because of a 
decrease in the MHC class-I expression. 

MATERIALS AND METHODS 

All cell lines were screened (Mycoplasma tissue culture Gen- 
probe; H. Biermann, Bad Nauheim, Germany) and defined as nega- 
tive for mycoplasma contaminations. 

Peripheral blood lymphocyte (PBL) preparations and generation 
of Epstein-Barr virus (EBV)-transformed B-lymphoblastoid cell lines 
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NK CELLS RECOGNIZING AN HSP72- ASSOCIATED DETERMINANT 

(B-LCLs). PB obtained from four different healthy human volun- 
teers (A, B, C, and D) was anticoagulated with heparin (Heparin 
Novo; Novo Nordisk Pharma GmbH, Mainz, Germany). PB mono- 
nuclear cells were separated by Ficoll Isopaque (Ficoll Paque; Phar- 
macia, Uppsala, Sweden) density gradient centrifugation. After sepa- 
ration, PBLs were obtained and incubated in RPMI 1640 (GIBCO, 
Eggenstein, Germany) supplemented with 10% heat-inactivated fetal 
calf serum (PCS; GIBCO), 6 mmol/L L-glutamine (GIBCO), and 
antibiotics (100 IU/mL penicillin and 100 pg/mL streptomycin; 
GIBCO). Following the established method of Terasaki and McClel- 
land, 34 PBLs derived from healthy human blood donors (A, B, C, 
and D) were HLA-typed with defined alloantisera and monoclonal 
HLA-specific antibodies as follows: Donor A: A2, B6O(40), 
B62(15), Bw6, Cw3, DR4, DRI3<6), DQ6(1), DQ7(3), DR52/53; 
Donor B: A2, A29(19). B44(12), B61(40), Bw4, Bw6, Cw2, Cw4, 
DR7. DQ1, DQw7(3);> Donor C: A3, All, B35, B39(16), Bw6, Cw4, 
DR1, DR3, DR52, DQ1, DQ2; and Donor D: A24(9), A30(19), B7, 
B27, Bw4, Bw6, Cw2, Cw7. 

A human EBV-transformed B-LCL was established from freshly 
isolated PBLs derived from donor D. Briefly, PBLs (10 x 10 6 ) were 
incubated in 5 mL RPMI 1640 medium containing 25% FCS, 6 
mmol/L L-glutamine, antibiotics (for concentrations, see above), and 
an equal volume of EBV-containing supernatant (from the EBV 
producer cell line B95-8; American Type Culture Collection 
[ATCC], Rockville, MD) for 10 to 14 days. Phytohemagglutinin 
(PHA-M; Difco, Hamburg, Germany) was added to a final concen- 
tration of 1%. After 3 weeks, a permanently growing EBV-trans- 
formed B-LCL was generated. 

Cell culture of normal and malignant cells. Allogeneic EBV- 
transformed B-LCLs, K562 cells (a myeloid tumor cell line derived 
from a patient with chronic myelogenous leukemia in blast phase; 
ATCC, CCL 243), 35 the osteosarcoma cell lines HOS58 (kindly 
provided by Dr Schmidt, GSF-Institute for Molecular Virology) and 
MG63 (ATCC, CRL 1427), and the mammary carcinoma cell line 
MX-1 (kindly provided by Dr Wagner, University of LUbeck and 
DKFZ Heidelberg, Institute for Experimental Pathology) were grown 
in RPMI 1640, supplemented with 10% FCS, 6 mmol/L L-glutamine, 
penicillin, and streptomycin (for concentrations, see above). 

Exponentially growing 5838 E wing's sarcoma (ES) cells, derived 
from a patient suffering from ES, 36 kindly provided by Dr MX. 
Meltz (University of Texas, San Antonio, TX), were maintained in 
RPMI 1640, supplemented with 15% FCS, 6 mmol/L L-glutamine, 
0.01 mol/L NaOH (pH 8.5 is essential for growth of tumor cells), 
and antibiotics (60 IU/mL penicillin and 60/Jg/mL streptomycin). 
As growth parameters, plating efficiency (PE) and multiplicity (N) 
of these cells under constant culture conditions at 37°C were defined 
as PE equals 40% to 60% and N equals 2.0 to 2.2. HLA typing of 
ES cells following the Terasaki method was not possible. Therefore, 
ES cells were typed by flow cytometry as described below in the 
Heat Treatment section. 

Clonogenic cell surviving assay. Exponentially growing 
monolayer cells were treated at different temperatures (41 .8°C, 42°C, 
43°C, 44°C, and 45°C) for varying incubation periods ranging from 
0 to 450 minutes in a temperature-controlled waterbath (Haake E3, 
Karlsruhe, Germany). After treatment, the cells were trypsinized, 
counted, and plated at dilutions of known cell numbers (10 2 to 10 3 
cells/flask) into four replicate flasks. After about 12 days, the colony 
number was determined, and the cell viability was calculated with 
corrections for the PE. In addition, cell viability was also tested by 
using dye exclusion assays (trypan blue, propidium iodide). The 
temperature of 41.8°C was defined as nonlethal for human tumor 
and normal cells because, at this temperature, greater than 97% of 
the cells remained viable in the clonogenic surviving assay 21 and 
more than 98% of the cells excluded trypan blue and propidium 
iodide. 

Heat treatment. Exponentially growing cells were treated with 
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the nonlethal temperature (41.8°C) for 200 minutes in a temperature- 
controlled waterbath (Haake E3) and were then incubated at 37°C 
for different time intervals ranging from 0 to 96 hours. The heat 
dose parameter of 4L8°C was chosen in accordance with data ob- 
tained from clonogenic cell surviving assays. 21 

Monoclonal antibodies (MoAbs), indirect immunofluorescence, 
and FACScan analysis. Phenotypic characterization of viable ef- 
fector and target cells was performed by indirect immunofluores- 
cence followed by flowcytometric analysis on a FACScan instrument 
(Becton Dickinson and Co, registered trademark for a fluorescence- 
activated cell sorter, Heidelberg, Germany). Viable cells (1 X If/) 
were incubated with the following antibodies (final concentration, 5 
/ig/1 X 10 6 ) each containing 0.1% sodium azide (NaN 3 ) at 4°C for 
I hour. The isotype and the specificity of the antibodies is given in 
parentheses: anti-HSP27 (IgGl), an isotype matched control MoAb 
for HSP72 (Dianova, Hamburg, Germany); anti-HSP72 (IgGl, 
RPN1 197; Amersham, Braunschweig, Germany); mouse IgG2a i so- 
type-matched control antibody for W6V32 (Dianova), W6/32 (IgG2a; 
anti-MHC class I); L243 (IgG2a; anti-HLA DR region); OKT3 
(IgG2a, anti-CD3) MoAb kindly provided by Dr J. Johnson 
(MUnchen); anti-CD4 (IgGl; Dianova); anti-CD8 (IgGl; Dianova); 
anti-CD16 (IgG2a; Dianova); anti-CD 19 (IgGl; Dianova); anti- 
CD56 (IgGl; Dianova); anti-CD57 (IgM; Dianova); WT31, an anti- 
aip TCR (IgGl; Becton Dickinson); and 5-TCS1, an anti-y/6 TCR 
(IgGl; T Cell Sciences, Cambridge, MA). For HLA typing of ES 
cells, monoclonal and polyclonal antibodies and antisera directed 
against the following epitopes were used: HLA-A2, A3, A9, A 10, 
A25, A29, A30, A31, A32, and the entire A-region; HLA-B7, B8, 
B13, B14, B15. B17, B21, B22, B23, B27, B37, B44, Bw4. Bw6; 
HLA-Cw2, Cw3, Cw4, Cw7; HLA-DRl, DR3, DR5, DR6, DR7, 
DR8, DR12, DR13, DRw52; and HLA-DQ1, DQ2, DQ3, DQ5. DQ6, 
DQ7, DQ8, DQ9. After washing twice in phosphate-buffered saline/ 
10% FCS, the cells were stained with a second fluorescein isothiocy- 
anate-conjugated rabbit antimouse Ig antibody (DAKO, Hamburg, 
Germany) for I hour at 4°C. Quantitative flow cytometry was per- 
formed on a FACScan instrument. The percentage of positively 
stained cells was defined as the difference of the number of spe- 
cifically stained cells minus the number of cells stained with the 
isotype-matched control MoAbs (see above). The data obtained from 
FACScan analysis represent the mean values of four independent 
experiments. 

Generation of cytotoxic effector cells. Cytotoxic effector cells 
were generated by incubation of PBLs (50 x 10 6 ) from HLA-dispa- 
rate donors (A, B, and C) with irradiated (60 Gy), heat-treated ES 
cells (50 X 10 6 ) in the presence of recombinant 1L-2 (100 IU/mL; 
EuroCetus, Frankfurt, Germany) for 7 days. For heat treatment of 
tumor cells, viable ES monolayer cells were heat-treated at nonlethal 
temperatures (41.8°C for 200 minutes) in a temperature-controlled 
waterbath. 

Separation of effector cell subpopulations. Briefly, PB mononu- 
clear celts were separated into a CD3 + T-cell (a/fi and y/6 T-cell 
receptor [TCR]-positive T cells) and a CD3" (CD56 + , CD57 + NK 
cells) effector cell population by adherence selection, 37 followed 
by a magnetic bead separation method (Dynabeads M-450; Dynal, 
Hamburg, Germany) on day 7 after stimulation and expansion with 
recombinant IL-2 (100 IU/mL). For this purpose, both cell fractions 
(50 to 100 X I0 6 ) generated from PBLs of donor A or B were 
incubated with a CD3-specific MoAb (OKT3) at 4°C for 1 hour. 
After being washed twice with phosphate-buffered saline/5% FCS, 
the cells were incubated with 3 magnetic beads per cell (Dynabeads 
M-450), which were pre washed twice in RPMI 1640/5% FCS me- 
dium and then suspended in 0.5 mL RPMI 1640 medium. After 1 
hour of incubation at 4°C, the cells were washed 3 times with 2 mL 
RPMI 1640 medium and then separated into two cell fractions by 
magnetic bead separation using the magnetic particle concentrator 
Dynal-MPCl (Dynal). CD3+ T cells were bound to the magnetic 
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beads, whereas CD3~ cells remained in the supernatant. The mag- 
netic beads were removed from the positively enriched cell popula- 
tion by dissociation using Detach-A-Bead solution (Dynal). After 4 
washing steps and an overnight recovery period in RPMI 1640/15% 
FCS at 37*0, both cell populations were used separately in a cell- 
mediated lympholysis assay (CML). The phenotype characterization 
of both cell fractions was performed by FACScan analysis using 
MoAbs directed against CD19 (IgGl), CD3 (IgG2a), yl6 TCR 
(IgGl), CD16 (IgG2a), CD56 (IgGl), and CD57 (IgM). The percent- 
age of y/6 TCR + T cells was less than 5%; no CD19 + B cells were 
found. Further phenotypic characterization is given in the figure 
legends. 

Cytotoxicity assay. The specificity of IL-2- stimulated effector 
cells was monitored in a standard 5l Cr release assay. 38 The following 
cells were used as 5, Cr-labeled (5 mCi/mL stock; 0.4 mCi in 0.2 
mL RPMI 1640/1 X 10* cells; NEN-DuPont, Bad Homburg, Ger- 
many) target cells (3,000/well), either untreated (37°C) or heat- 
treated at nonlethal temperatures (41.8°C for 200 minutes, followed 
by a 4-hour or 12-hour recovery period at 37°C): ES cells, K562 
cells, EBV-transformed B-LCLs, and MX-1 cells. After a 2-hour 
labeling period, the target cells were washed 3 times and adjusted 
to 10 4 cells/mL in RPMI 1640/15% FCS medium (CML medium). 
The cells were coincubated at 37°C for 4 hours in 96-well round- 
bottomed microtiter plates (Greiner, Niirtingen, Germany) in a total 
volume of 0.2 mL/well, with cytotoxic effector cells at varying 
effector-to-target (E/T) ratios. The percentage of specifc lysis was 
calculated as: [(experimental release - spontaneous release) : (maxi- 
mum release - spontaneous release)] x 100. Spontaneous release 
(SR) was assessed by incubating target cells in the absence of ef- 
fector cells. SR in all experiments was below 20%. 

Antibody-blocking assay. Inhibition of lysis by MoAbs directed 
against antigens expressed on either target (anti-MHC class 1, W6/ 
32 3M0 ; anti-HSP72, RPN1197) or effector cells (ami-a/0 TCR. 
WT31) 41 was performed by preincubation of the cells in 0.1 -mL 
aliquots for 2 hours at room temperature. As a control, the isotype- 
matched MoAb HSP27 was used. The inhibition assays were per- 
formed at a final concentration of 10/zg/l X 10 6 for each antibody. 
After two washing steps of the antibody-treated cells in CML me- 
dium, the cytotoxicity assay was performed as described above. 

RESULTS 

Heat treatment of sarcoma cells leads to HSP72 cell sur- 
face expression. A clonogenic cell surviving assay was per- 
formed to define nonlethal heat dose parameters for adherent 
cells. At a temperature of 41.8°C, the cell viability as well 
as the capacity for clonogenic cell growth of all tested tumor 
cell lines (ES, HOS58, MG63, and MX-1) and of normal 
fibroblasts was more than 98% even after heating periods 
greater than 450 minutes. In contrast, heat exposure of cells 
at temperatures above 42°C reduced the clonogenic cell via- 
bility of neoplastic and normal cells. 21 The viability of non- 
adherent cells (PBLs, B-LCLs, and PHA blasts) at 41.8°C 
(200 minutes) was more than 97%, as determined by trypan 
blue exclusion. For all further investigations, the nonlethal 
temperature of 41.8°C was used. Although total protein syn- 
thesis is reduced after heat shock, synthesis of HSP72, the 
major heat-inducible form of HSP70, is strongly induced. 
Indirect immunofluorescence studies were performed to 
compare cell surface expression of different molecules on 
either untreated or heat-treated cells. The results of a compar- 
ative study on cell surface expression of HSP72 and MHC 
class-I molecules on neoplastic human cell types (ES, 
HOS58, MG63 sarcoma cells, and MX-1 carcinoma cells) 
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and on cells derived from healthy human individuals (PBLs, 
fibroblasts, PHA blasts, and B-LCLs) before and after nonle- 
thal heat treatment are summarized in Table 1. Untreated 
tumor and normal cells show no significant HSP72 cell sur- 
face staining. After single nonlethal heat shock (41.8°C for 
200 min) and a recovery period at 37°C (4 hours) up to one 
third of viable sarcoma cells was positively stained using 
HSP72 MoAb. In contrast, MX-1 carcinoma cells and cells 
derived from healthy human individuals (PBLs, fibroblasts, 
PHA blasts, and B-LCLs) showed no HSP72 cell surface 
expression under these heating conditions. Recently, we 
showed that coincubation of untreated sarcoma cells with 
HSP72 containing supernatants of lethally heat-shocked cells 
does not result in an unspecific HSP72 cell surface expres- 
sion. 21 Therefore, adventitious deposition of HSP72 released 
by dead cells that nonspecifically binds onto live cells is 
very unlikely. A transient downregulation in the percentage 
and the fluorescence intensity of MHC class-I molecules 
after heat shock was observed only with tumor cells, not 
with normal cells. Kinetic data of flowcytometric analysis 
indicate that the sarcoma-specific HSP72 cell surface expres- 
sion peaks 4 hours after nonlethal heat shock and persists 
for at least 96 hours (Table 2). A transient reduction in 
the MHC class-I expression selectively on sarcoma cells is 
observed between 3 and 6 hours after nonlethal heat shock. 
After a 12-hour recovery period at 37°C, the MHC class-I* 
expression reaches its initial levels. Similar data were ob- 
tained with other sarcoma cells such as HOS58 and MG63 
(data not shown). With respect to these findings, the func- 
tional assays were performed after nonlethal heat shock, fol- 
lwed by a 4-hour and 12-hour recovery period at 37°C. 

Heat-induced increased susceptibility to lysis of sarcoma 
cells is mediated by HLA-disparate effector cells. The ES 
tumor cells were HLA-typed by flow cytometry as A25(10), 
A29(19), and DQ7(3). No HLA-DR (using L243 MoAb), 
HLA-B (using IvloAbs directed against Bw4 or Bw6), or 
HLA-C (using 4 different MoAbs directed against HLA-C 
alleles) reactivity was found. Cytotoxic activity of HLA- 
disparate effector cells was tested in a CML assay against 
either untreated (37°C) or heat-treated (41 .8°C for 200 min- 
utes and 37°C for 4 hours) ES cells as tumor target cells. 
Donors A, B, and C were chosen to generate cytotoxic ef- 
fector cells because they share one [DQ7(3) is shared be- 
tween effector cells A and ES target cells], two [DQ7(3) and 
A29(19) is shared between effector cells B and ES target 
cells], or no [no HLA allele is shared between effector cells 
C and ES target cells] HLA alleles with the ES target cells. 
Figure 1 shows for all three HLA-disparate effector cell 
populations (A, B, and C) comparable lysis patterns. The 
lysis against nonlethally heat-treated (4 1 .8°C for 200 minutes 
and 37°C for 4 hours) ES cells compared with that for un- 
treated (37°C) ES cells was increased more than twofold. In 
three independent experiments using identical experimental 
parameters, lysis of heat-treated ES cells was always signifi- 
cantly stronger compared with that of untreated ES cells. 

Lysis of heat-treated sarcoma cells is mediated by CD3~ 
NK cells. With respect to the increased susceptibility of 
heat-shocked sarcoma cells by HLA-disparate effector cells, 
we investigated the question of whether this cytotoxic re- 
sponse is MHC-independent. Using the immunomagnetic 
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Table 1. Comparative How Cytometric Analysis o! HSP27 (Isotype-Matched Negative Control Antibody for HSP72, IgGI), HSP72 (IgGI), and 
MHC Class-l (W6/32 MoAb, lgG2a) Cell Surface Expression on Neoplastic Versus Normal Cells Either Untreated (37X1 

or Heat-Shocked at Nonlethal Temperatures 

MoAbs 



HSP27 



HSP72 



W6/32 







37"C 




41.8°C* 


37*C 






37°C 




41,8°C* 


Neoplastic cells 






















ES 


1.5 


± 0.7 (24) 


1.2 


Z 0.8 (26) 


3.2 ± 0.8 (31) 


31.4 ± 1.9(117)t 


83.7 


± 3.5 (123) 


70.5 


± 2.8 (94)t 


HOS58 


1.8 


± 0.3(19) 


2.1 


± 0.5 (19) 


2.3 ± 0.4 (26) 


25.9 ± 3.9 (90)t 


73.2 


± 2.9 (183) 


54.1 


± 3.2 (143)t 


MG63 


1.6 


±0.6(11) 


1.9 


± 0.4(11) 


1.9 ± 0.6 (15) 


15.7 ± 3.0 (52)t 


90.0 


+ 4.1 (201) 


78.4 


± 3.3 (172)t 


MX-1 


2.3 


± 0.5 (10) 


2.2 


± 0.5 (12) 


2.8 ± 0.4 (12) 


2.3 i 0.6 (12) 


99.8 


± 2.4 (126) 


99.2 


± 2.7 (87) 


Normal cells 






















PBL 


0.3 


± 0.1 (11) 


0.2 


± 0.1 (10) 


0.0 ± 0.0 (10) 


0.0 ± 0.0 (14) 


92.7 


±3.2 (231) 


90.8 


± 4.0 (238) 


Fibro 


1.1 


± 0.3(11) 


1.0 


± 0.2 (12) 


1.2 ± 0.1 (12) 


2.2 + 0.2(11) 


96.3 


± 3.7 (203) 


97.4 


± 2.9 (251) 


PHA 


0.3 


± 0.1 (10) 


0.2 


± 0.1 (10) 


0.3 ± 0.1 (9) 


0.3 ± 0.1 (10) 


94.8 


± 2.9 (272) 


95.5 


± 3.2 (259) 


B-LCL 


0.3 


± 0.2(12) 


0.4 


± 0.1 (13) 


0.3 ± 0.1 (16) 


0.3 ± 0.1 (13) 


97.9 


± 4.3 (294) 


96.0 


± 2.9 (307) 



Values shown are the percentage of positively stained cells ± standard deviation (SD) with the average mean fluorescence intensity in 
parentheses. A mouse Ig2a isotype-matched control antibody was used for MHC class-l expression (data not shown). Neoplastic cells included 
ES cells (ES), osteosarcoma cells (HOS58, MG63), and Mamma carcinoma cells (MX-1). Normal cells included PBLs, fibroblasts (Fibro), phytohe- 
magglutinin stimulated PBLs (PHA), EBV-transformed B -eel Is (B-LCls) derived from healthy human individuals. 

* Treatment was at 41.8*0 for 200 minutes and at 37°C for 4 hours (as described in Materials and Methods). 

t Significantly different from control levels (P < .01) with Student's Mest 



bead separation method after adherence selection, a stimu- 
lated mixed effector cell population was divided into a CD3 + 
T-cell population and a CD3" NK cell population. Purity of 
both cell populations was more than 95% as shown by FAC- 
Scan analysis using CD3 and WT31 MoAbs as T-cell mark- 
ers and CD16, CD56, and CD57 MoAbs as NK cell markers 
(Fig 2, legend). The percentage of y/6 TCR + T cells was 
less than 5% in both cell fractions. The results derived from 



Table 2. Row Cytometric Analysis of HSP72 and MHC Class-l 
(W6/32 MoAb) Cell Surface Expression on ES Cells After 
a Single Nonlethal Heat Treatment Followed by Different 
Incubation Periods (0 to 96 Hours) at 37°C 



Recovery Periods 



MoAbs 



After 41.8°C* 
(no. of hours et 37°C) 


HSP72 


W6/32 


0 


4.2 £ 1.3 (62) 


84.2 £2.6(110) 


1 


15.7 ± 1.8 <98)t 


82.4 £ 2.8 {103) 


2 


20.9 i 1.7 <119)t 


83.7 £ 2.4 (103) 


3 


28.3 ± 2.1 <120)t 


73.3 £ 2.9 (91>t 


4 


31.4 ± 1.9 (117)t 


70.5 £ 2.8 (94)t 


5 


26.4 ± 1.8 (104)t 


68.9 ± 3.2 (98)1 


6 


27.4 £ 2.7 <109)t 


72.9 £ 2.3 (98)t 


8 


27.5 i 1.4 (100)t 


84.0 £ 2.2 {118) 


12 


27.3 t 1.5 (92)t 


83.9 £ 2.4 {117) 


24 


26.6 ± 1.8 (89)t 


83.7 £ 2.7 (110) 


48 


19.3 * 1.3 <86>f 


84.1 £ 2.2(121) 


72 


19.7 ± 1.9 (90)t 


83.4 £ 2.6(119) 


96 


17.3 £ 2.1 (87)t 


84.8 £ 2.9 (122) 



Values shown are the percentage of positively stained ES cells £ 
standard deviation (SD) with the mean fluorescence intensity in pa- 
rentheses. Anti-HSP27 (IgGI) and mouse lgG2a MoAbs were used as 
isotype-matched control antibodies for HSP72 and W6/32 MoAbs. 

* Treatment was at 41.8°C for 200 minutes. 

t Significantly different from control levels (P < .01) with Student's 
f-test. 



CML assays using unseparated (Fig 2A) and separated CD3 + 
(Fig 2B) and CD3" (Fig 2C) effector cells against either 
untreated (37°C) or nonlethally heat-treated (heat shock [hs], 
41.8°C for 200 minutes and 37°C for 4 hours) ES and K562 
cells are shown in Fig 2. Here, we show that lysis of un- 
treated and heat-treated K562 cells is mediated predomi- 
nantly by the CD3" NK effector cells but not by CD3 + T 

Target Cells 
ES 



70 
60 









A 


B 


C 

l i i — r— i 


• i i i i — 
30 15 7 3 


— i i i i 
30 15 7 3 


30 15 7 3 



Effector Cells 



ratio 

Fig 1. Increased sensitivity of nonlethally heat-shocked sarcoma 
cells to lysis by HLA-disparate effector cell populations. Cytotoxic 
activity of HLA-disparate effector cells (donors A, B, and C) showed 
no obvious differences in the lysis pattern. "Cr- labeled, heat-treated 
ES ceils (■) were rysed to a much higher degree (about twofold}, as 
compared with untreated ES target cells (□). by all three effector 
populations. This effect was titerable at varying E/T ratios ranging 
from 30:1 to 3:1. Each data point represents the mean value of three 
Independent experiments; ± SD was always less than 10%. SR of 
untreated and heat-treated target ceils was Identical and below 20%. 
Similar lysis patterns were obtained with other sarcoma cell lines 
(HOS58, MG63) that were either untreated or nonlethally heat- 
treated (data not shown). 
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large! Cells 



ES 



K662 
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Uneeparated 
Effector Cells 



B 



Targst Cells 



ES 



K562 



100 




C03 + 

Effector Cells 



40 20 10 



Target Celb 



ES 



KM2 




CDS- 

Effector Cells 



Fig 2. Increased sensitivity to lysis of heat-shocked ES and K562 
cells Is mediated by non-MHC- restricted, CD3" NK cells, but not by 
C03* CTLs. Cytotoxic activity of (A) a mixed effector cell population 
(93V CD3; 22%, CD 16; 18%, CD56; 16%, CDS 7; 5%, yl&), (B) a C03 + 
CTL-enrlched (97%, CD3; 7%, CD16; 9%, C056; 15%, C0S7; 4%, ylS 
TCR), and (C) a CD3" NK-enriched (5%, C03; 43%, CD 16; 45%, CD56; 
32%, C057; 1%, y/fi TCR) effector cell population was tasted sepa- 
rately to untreated {□) and heat-treated (■) K562 and ES target ceils. 
Lysis of K562 cells, either untreated or heat-treated, was only ob- 
served with the CD3~ NK-enriched effector cell population, whereas 
the CTL-mediatad lysis of K562 target cells was weak. The enhanced 
lysis of heat-treated ES ceils was also mediated by the NK-enriched 
population. Untreated ES cells were h/sed by both effector cell popu- 
lations. E/T ratios ranged from 40:1 to 5:1 . Each data point represents 
the mean value of three independent experiments; ± SO was always 
less than 8%. SR of untreated and heat-treated target celts was com- 
parable and was always below 20%. 

lymphocytes. The enhanced lysis of heat-shocked K562 cells 
is expressed more clearly by the NK population. The lysis 
of untreated ES cells is mediated by CD3 + T lymphocytes 
as well as by CD3" NK cells. However, the enhanced sensi- 



tivity of heat-shocked ES cells is mediated predominantly 
by CD3" NK cells. 

Anti-HSP72 MoAb inhibits increased lysis of heat-treated 
K562 and ES cells. Antibody-blocking CML experiments 
using an NK-enriched effector cell population (phenotypic 
characterization, see the legend for Fig 3) were performed 
to define a possible recognition structure that is expressed 
on the cell surface of heat-shocked neoplastic cells. To ex- 
elude the effect of a transient MHC class-I downregulauon 
on tumor target cells (4 hours after nonlethal heat shock), 
the lysis of untreated and heat-treated (41.8°C for 200 min- 
utes) cells was compared after a 12-hour recovery period at 
37°C (Table 2) when the MHC class-I expression has reached 
its initial level. Similar to the data presented in Figs 1 and 
2 (important to note the 4-hour recovery period at 37°C), 
the lysis of heat-shocked ES (Fig 3A) and K562 (Fig 3B) 
cells followed by a 12-hour recovery period again was sig- 
nificantly higher as compared with the lysis of untreated 
(37°C) cells (Fig 3). Most important, this elevated lysis of 
heat-shocked neoplastic cells could be inhibited by preincu- 
bation of the target cells using HSP72-specific MoAb, 
whereas an isotype-matched control antibody directed 
against anti-HSP27 has no inhibitory effect. Further evidence 
that HSP72 is a relevant recognition structure for NK effector 
cells is given by the results obtained with the control tumor 
cell line MX- 1 (Fig 3C). These cells do not express HSP72 
molecules on their cell surface (Table 1), and their lysis was 
not enhanced after heat shock. Neither the HSP72 MoAb 
nor the isotype-matched control antibody (HSP27) had an 
inhibitory effect on the lysis of these cells after heat shock. 
Cytotoxic T lymphocyte (CTL) recognition of MX- 1 tumor 
cells could be excluded, because blocking of MHC-restricted 
recognition by anti-MHC class-I MoAb or by ami-TCR 
MoAb has also no inhibitory effect. The anti-MHC class-I 
MoAb (W6732) that is known to mask MHC class-1 gene 
products 41,43 does not influence the lysis of heat-treated ES 
and K562 cells. A role of L243 MoAb (directed against 
HLA-DR region) that could mask MHC class-II gene prod- 
ucts could be excluded, because no HLA-DR expression was 
detectable on the surface of ES and K562 cells. Preincuba- 
tion of the effector cell population using WT31 MoAb (di- 
rected against a//? TCR + T lymphocytes), 41 has no inhibitory 
effect on the lysis of heat-shocked neoplastic cells. These 
findings support the suggestion that the elevated lysis of 
heat-treated ES and of K562 cells is not mediated by MHC 
class-I -restricted T lymphocytes. As a control for CTL ac- 
tivity in the NK-enriched effector cells, we show that the 
lysis of allogeneic B-LCLs (Fig 3D) is inhibited by incuba- 
tion of the effector cells using an anti-TCR -specific MoAb 
(WT31) or by blocking of MHC class-I molecules on the 
target cells using W6/32 MoAb. 

DISCUSSION 

In the present study, we provide direct evidence that a 
heat-inducible HSP72 cell surface expression is correlated 
with increased sensitivity of tumor cells against non-MHC - 
restricted NK cells. Recently, MHC-independent ytd TCR + , 
CD3 + T cells, which are considered to play a role in the 
defense against tumor cells, 44 are shown to recognize cell 
surface-expressed HSPs of the HSP60 and HSP70 fami- 
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Rg 3. An HSP72-associ8ted determinant act* as a recognition structure for NX-enriched (24%, CD3; 57%, C0 16; 54%, CD56; 29%, CD57; 2%. 
y/5 ) effector cells on heat-shocked sarcoma cells. Effect of HSP72-spedfic (loGl), HSP27-epedfic (IgGl, isotype-matched control), and MHC 
dass-l-specinc (W6/32; lgG2a) MoAbs on the lysis of heat-treated target cells, le, E8 (A), K562 (B), MX-1 {C) f and allogeneic B-LCU (D). (□), 
rysls of untreated (37°C) target cells; (■} lysis of nonlethalfy heat-shocked (41.TC for 200 minutes and 37X for 12 hours) target cells; (•) lysis 
of heat-shocked target cells after antibody blocking. E/T ratios ranged from 30:1 to 3:1. Each data point represents the mean value of two 
Independent experiments; ± SO was always less than 8%. SR of untreated and heat-treated target cells was Identical and was below 20%. 
Lysis of ES and K562 tumor ceils that express HSP72 (A and B) Is inhibited using HSP72 MoAb; lysis of MX-1 carcinoma cells (C) and B-LCU 
(D) that do not express HSP72 Is not Inhibited using HSP72 MoAb. The Isotype-matched control antibody HSP27 (IgGl) has no Inhibitory 
effect. InMbrtion of the CTU-medlated ryis by MHC dass-l -specific MoAb W6/32 (lgG2a) or by a/p TCR-epedfic MoAb W731 (IgGl) has no 
inhibitory effect on the lysis of heat-shocked ES, K662, and MX-1 tumor cells (A, B, and C), whereas the lysis of heet-shocfced allogeneic B- 
LCLs was Inhibited by W6/32 and by WT31. Elevated lysis of other nonlethalfy heat-shocked sarcoma cells (HOS58, MG63 osteosarcoma cells) 
was also Inhibited by HSP72 MoAb, but not by MHC dass-l -specific (W6/32) or a/fi TCft-spedfle (WT31) MoAbs (data not shown). 



lies. 43,46 For the recognition of the heat-inducible HSP72 
epitope on sarcoma cells, y/S TCR + T lymphocytes can be 
excluded, because the amount of y/6 T lymphocytes within 
the stimulated effector cell population (as determined by 
FACScan analysis) was always below 5%. Cytotoxic activity 
mediated by CD3 + lymphokine-activated killer cells 47,48 is 
also not very likely because, after separation of the effector 
cell population in a CD3 + and a CD3" cell population, reac- 
tivity against heat-shocked tumor target cells was only found 
within the CD3~ cell fraction. The CD3" cell population that 
was shown to be responsible for the increased lysis of heat- 



treated sarcoma cells and of classical NK target cells (K562) 
expresses NK markers CD 16, CD56, and CD57. Lysis of 
untreated sarcoma cells is mediated by CD3" and CD3 + 
effector cells. The transient reduction in the MHC class- 
I expression on tumor cells after heat shock is a possible 
explanation for the decreased lysis of heat-treated tumor cells 
by CD3 + T lymphocytes, whereas there is no influence on 
the elevated lysis of heat-treated sarcoma cells mediated by 
CD3" NK effector cells. Preincubation of tumor as well as 
allogeneic target cells with MHC class-I-speciflc MoAb 
(W6732), which is known to block the CTL-mediated cyto- 
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toxicity, 39,40 inhibits the lysis of allogeneic target cells but 
not the lysis of heat-shocked sarcoma and K562 cells. These 
findings are supported by blocking of af(3 TCR + T cells 
using WT31 MoAb.* 1 Again, only the lysis of allogeneic 
target cells, but not that of heat-shocked tumor and NK target 
cells, was blocked by this TCR-specific antibody. In contrast 
to the majority of cytotoxic responses of CTLs, which are 
known to be MHC-restricted, it has been shown that low 
levels of MHC class-I expression on tumor cells are associ- 
ated with a higher susceptibility of lysis by NK cells. 42 * 49 " 51 
Our observations that heat shock leads to a transient decrease 
in the MHC class-T expression could not be correlated with 
the elevated lysis of heat-shocked tumor cells that express 
HSP72. Therefore, we speculate that MHC-dependent 43 and 
MHC-independent 52 * 33 mechanisms of NK recognition have 
to exist. Despite the fact that certain HLA class-I alleles 
could be identified that act as negative signals for NK recog- 
nition on normal cells, 43 it is still not clear which target 
structures on tumor cells can act as positive recognition sig- 
nals for NK cells. Our results derived from antibody- 
blocking studies using an HSP72-specific MoAb, suggest 
that a heat-inducible HSP72 epitope on sarcoma cells might 
act as a positive recognition structure for NK cells. This 
hypothesis is strongly supported by data derived from CML 
assays using heat-shocked carcinoma cells (MX-1) that 
showed no HSP72 cell surface expression after heat shock. 
The NK-mediated lysis of these target cells was not increased 
after heat shock. Therefore, we conclude that the increased 
sensitivity of heat-shocked sarcoma cells is caused by the 
HSP72 cell surface expression and is not a nonspecific effect 
of heat treatment. Furthermore, the increased lysis of heat- 
treated K562 cells and, to a lower extent, the lysis of un- 
treated K562 cells were inhibited by HSP72 MoAb. These 
data led us to the hypothesis that heat-treated sarcoma cells 
and K562 cells have to share at least one recognition struc- 
ture for NK cells, which seems to be closely associated with 
HSP72. Results derived from cold target inhibition studies 
support this hypothesis (data not shown). Recently, we 
showed that a 72-kD protein could be immunoprecipitated 
from the cellular membrane of different heat-treated tumor 
cells but not of normal cells by using the HSP72 MoAb. 21 
These data are in line with observations of other groups that 
HSP72 cell surface localization was only found on affected 
cell types such as tumor ceils, 54 human immunodeficiency 
virus- 19 and human T-cell lymphotrophic virus- infected 
cells, 55 mycobacterial-infected cells, 56 and affected retroocu- 
lar fibroblasts obtained from patients suffering from Graves' 
ophthalmopathy. 18 In this context, it is important to note that 
HSPs are discussed to act as immunogenic determinants for 
different effector cell mechanisms. 57 Ullrich et al 58 and Sri- 
vastava et al 59 raised the hypothesis that HSPs homologous 
to members of the HSP90 and HSP70 family are recognized 
as tumor antigens in mice by CTLs. Carbohydrate side chains 
as antigenic determinants on these HSPs can be excluded, 
because none of them is glycosylated. 60 Tamura et al 61 
showed that improved immunogenicity of Ha-ras-trans- 
fected fetal rat fibroblasts mediated by CD4 and CD8 double- 
negative T cells could be correlated with the presence of an 
HSP70 cognate protein on the cell surface of tumor cells. 
In conclusion, our data show that nonlethal heat shock 



induces a cell surface expression of HSP72 that persists for 
at least 96 hours. This immunogenic epitope is selectively 
expressed on human sarcoma cells and can be correlated 
with NK recognition. Interestingly, normal cells and the MX- 
1 mammary carcinoma cell line fail to express this recogni- 
tion structure. Additionally, heat treatment leads to a tran- 
sient reduction in the MHC class-I expression. The HSP72 
cell surface expression selectively on tumor cells could act 
as one possible recognition structure for an NK subpopula- 
tion. Our in vitro data that NK cells are relevant for recogni- 
tion of heat-treated tumor cells are in line with recently 
published observations of an in vivo study that tumors are 
spontaneously infiltrated and killed by NK cells. 62 Further- 
more, inhibition of metastasis has also been shown to corre- 
late with the activity of NK cells. 63,64 NK-depleted mice seem 
to be more susceptible for rapid tumor growth after tumor 
transplantation. 65 Therefore, besides MHC-restricted effector 
mechanisms, such as CTL activities, non-MHC- restricted 
NK cells must also be considered as possible mediators for 
an antitumor immune response. 
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To study the role of cell-surface expression of a tumor- 
selective heat-shock protein 70 (Hsp70) in vivo, the colon- 
carcinoma cell line CX2, and the clonal sub-lines CX + and 
CX", which differ in Hsp70 cell-surface expression, but not in 
MHC and adhesion-molecule expression, were implanted 
into immu nod efficient SC ID/beige mice by s.c, i.p. r i.v. and 
orthotopic (o.t.) inoculation. On day 18 after s.c. injection, all 
animals developed s.c. tumors, ranging in size from 2.5 to 3 
cm 2 . Phenotypic characterization of single-cell suspensions 
generated from freshly isolated tumor material revealed that 
the pattern of cell-surface expression is identical to that of the 
injected tumor cells from cell culture. Comparable results 
were obtained following i.p. inoculation of CX 4 and CX~ cells. 
Macroscopic and microscopic evaluation of lymph nodes, 
lung, liver and spleen at autopsy of tumor-bearing mice 
showed no tumor burden except the primary tumor, follow- 
ing s.c. or i.p. injection. After i.v. inoculation of CX + and of 
CX" cells, weak tumor growth was observed in lung and liver, 
the Hsp70 cell-surface-expression pattern on these tumors 
being identical to that of the injected cells. However, o.t. 
injection of colon-carcinoma cell lines CX + and CX~ into the 
cecum resulted in tumor growth at the injection site and in 
spread of distant metastases in lung, liver and spleen. Most 
interestingly, and in contrast to the primary colon carcino- 
mas, metastases of CX + and of CX~ tumor cells both 
revealed strong Hsp70 plasma-membrane expression, al- 
though the total amount of cytoplasmic Hsp70 was compa- 
rable. Int.). Cancer 77:942-948, 1998. 
©J 998 Wiley-Liss, Inc. 

Mice with severe combined immunodeficiency (SCfD) are 
lacking in functional, mature T and B cells, due to a defect in the 
DN A-double-strand-break-repair system that affects the VDJ recom- 
bination (Bosma et al, 1983; Schuler et al, 1986; Bosma and 
Caroll, 1991; Fulop and Phillips, 1990; Lieber et al., 1988; Blunt et 
al., 1995). SCID/beige mice exhibit even more pronounced immu- 
nodeficiency, since they also lack NIC cells (Talmadge et al., 1 980). 
For these reasons, SCID/beige mice prove ideal hosts for xenotrans- 
plantation. Several reports have described the successful engraft- 
ment of human leukemic cell lines (Giavazzi etal, 1 995; Cesano et 
al, 1993; Kamel-Reid et al, 1989), melanoma and solid-tumor 
cells in immunodeficient mice (Mueller and Reisfeld, 1991; Hill et 
al, 1994). SCID/beige mice also support the development of 
distant metastases of certain human tumor cell lines (Reddy et al, 
1987; Kamel-Reid et al, 1989; Hill et al, 1991; Cuenca et al, 
1996). A step towards more promising therapeutic strategies would 
be a better understanding of the metastatic process in general. This 
can be studied in detail in valid experimental metastatic animal 
model systems. Here, we analyze the influence of Hsp70 mem- 
brane expression on tumor incidence and/or development of 
metastases following different implantation procedures in SOD/ 
beige mice. It is known that most realistic models for tumor 
metastases can be achieved either by i.v. or by orthotopic (o.t.) 
implantation of tumor cells (Hoffman, 1994; Kubota, 1994; Fu et 
al, 1992a, 6; Wang et al, 1992). In our system we compared s.c, 
i.p., i.v. and o.t. inoculation procedures. 



We have demonstrated tumor-selective Hsp70 cell-surface expres- 
sion by immunological and biochemical methods, in vitro (Mult- 
hoff et al, \995a,b; Multhoff and Hightower, 1996; Botzler et al, 
1996a, b). In contrast to tumor cells, normal cells, including 
peripheral-blood lymphocytes (PBL), fibroblasts or endothelial 
cells, lack expression of Hsp70 on their plasma membrane. In the 
present study, the role of Hsp70 plasma-membrane expression on 
tumorigenicity and on the capacity to develop distant metastases in 
vivo was analyzed using autologous, clonal sub-lines CX + and 
CX~, generated by cell-sorting of CX2 cells. CX + and CX" show 
identical MHC and adhesion-molecule expression patterns (Mult- 
hoff e/ al, 1997), but differ profoundly in their capacity to express 
Hsp70 on their plasma membrane: CX + cells express Hsp70 stably 
on more than 90% of the cells, whereas the cell-surface expression 
of Hsp70 on CX" cells was detectable on less than 20% (Multhoff 
et al, 1997). These cell lines thus provide an ideal tool to study the 
influence of Hsp70 membrane expression on tumorigenicity and 
metastases in vivo. 



MATERIAL AND METHODS 

Tumor cell lines 

The following carcinoma cell lines, which differ in their capacity 
to express Hsp70 on their plasma membrane but exhibit identical 
MHC and adhesion-molecule expression patterns (Multhoff et al, 
1997), were cultured at 37°C in 5% C0 2 atmosphere and RPMI- 
1640 medium (GIBCO, Eggenstein, Germany) supplemented with 
heat- inactivated 10% FCS (GIBCO) and 2 mM L-glutamine and 
antibiotics (penicillin/streptomycin). All cell lines were free from 
mycoplasma contamination, as determined by repeated tests. The 
cell lines were kept in culture under exponential growth conditions, 
and harvested with trypsin/EDTA solution. Following counting and 
washing, the cells were suspended in conditioned RPMI-1640. 
Only single-cell suspensions of >90% viability, as determined by 
Try pan-blue-exclusion assays, were used for inoculation into 
SCID/beige mice. 



Mice and tumor-cell inoculation 

Pathogen-free female CB- 1 7 scid/scid (SCID/beige) mice, 6 to 8 
weeks old, were obtained from an animal-breeding colony (Harlan 
Winkelmann, Borchen, Germany). The mice were maintained in 
sterile conditions in micro-isolator cages and given autoclaved 
food and water. All manipulations were carried out in an air-filtered 
laminar-flow hood. The mice received s.c, i.p. or i.v. injections into 
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the tail vein of 2.5 X 10 6 exponentially growing tumor cells 
suspended in 0. 1 ml PBS. 

For o.t. injection, the animals were anesthetized with pentobarbi- 
tal (40 mg/kg i.p.) 15 min before surgery. Following a midline 
incision in the lower abdomen, part of the cecum was carefully 
taken out of the abdomen and placed onto a wet sterile pad. The o.t. 
injection was performed outside the abdomen by serial injections 
(3 X 20 uJ each) of 2.5 X 10 6 tumor cells suspended in 60 ul PBS, 
by means of a 30-gauge needle and a 100-ul glass syringe 
(Hamilton, Bonaduz Switzerland), to diminish the risk of contami- 
nating rumor cells entering the peritoneal cavity. After surgery, the 
abdomen was closed with staples. 

Autopsy 

On days 18 and 21 following injection (s.c, i.p., i.v. or o.t.) of 
tumor cells, the mice were killed by C0 2 . After careful inspection, 
the primary tumor, lymph nodes, spleen, liver and lungs were 
measured, collected and cut into pieces. Single-cell suspensions of 
these organs were obtained by gently teasing the tissue in 
trypsin/EDTA solution for 60 min at room temperature. 

Electron microscopy 

Tumor tissue excised from the mice was cut into small pieces (1 
mm 3 ) with a scalpel blade and fixed in 8% paraformaldehyde in 
HEPES buffer (250 mM) for 4 hr. Free aldehyde groups were 
quenched with 50 mM NH 4 C1 solution. For cryoprotection the 
tissue was kept in a 2.1 M sucrose solution 17% polyvinylpyrrol- 
idone at 20°C for 30 min. Then the pieces were frozen in liquid 
nitrogen, and ultrathin sections (70 nm) were cut at - 100°C on an 
Ultracut E microtome (Rei chert- Jung FC4E, Vienna, Austria) by a 
glass knife. Immunogold labeling of Hsp70 was performed with 
ultra-small gold probes followed by silver enhancement according 
to Danscher (1981). Briefly, the grids were rinsed and blocked in 
0.1% acetylated BSA buffer, then incubated with an anti-Hsp70 
monoclonal antibody (MAb) (RPN1197, dilution 1:200; Amer- 
sham, Braunschweig, Germany) overnight at 4°C. After washing, 
the cells were incubated in goat anti-mouse IgG/IgM (Aurion, 
Cologne, Germany) GP-Ultra small gold in 0.1% acetylated BSA 
buffer diluted 1:75 for 3 hr at room temperature. Non-specific 
binding was blocked by extensive washing in 0. 1% acetylated BSA 
buffer. Additional fixation in 2.0% glutaraldehyde in PBS was 
performed after immunostaining. After silver enhancement, the 
sections were stained in uranyl acetate/methyl cellulose and viewed 
in a Zeiss EM 10CR electron microscope. This method is an 
approach for the detection of antigens localized both in intracellu- 
lar and in extracellular compartments. 

Culture of tumor cells from SCID/beige mice 

Solid tumors and organs containing metastases were excised 
from individual tumor-bearing animals in sterile conditions and 
disaggregated by scraping the tumor into small slices with a scalpel 
blade in RPM1-1640 medium containing 1% penicillin/streptomy- 
cin solution. After gentle teasing of the tissue in trypsin/EDTA 
solution for 60 min at room temperature, the material was passed 
through a sterile wire mesh. Following 2 washings in RPMI 1640, 
single cells were counted and seeded into small culture flasks 
and/or directly analyzed by flow-cytometric analysis. The human 
origin of the tumors and metastases was confirmed by staining with 
an anti-human -MHC-class-I-specific MAb, W6/32 (Dianova, Ham- 
burg, Germany). 

Flow cytometry 

Indirect immunofluorescence studies were performed with the 
use of the Hsp70-specific MAb RPN1 197, also an isotype-matched 
IgGj -negative control antibody (Immunotech, Marseille, France), 
human HLA-class-1 MAb W6/32, human HLA-DR MAb L243, 



ICAM-1 MAb anti-CD54, NCAM MAb anti-CD56, VCAM MAb 
anti-CD 106 or HNK1 MAb anti-CD57 as primary antibodies and a 
second FITC-conjugated rabbit-anti-mouse antibody (Dako, Ham- 
burg, Germany). The percentage of positively stained cells was 
determined as the number of positively stained cells minus the 
number of cells stained with an isotype-matched negative control 
antibody. 

Total Hsp70-expression levels of tumor cells in vitro, primary 
tumors and metastases were compared by flow cytometry using the 
"Fix and Perm" permeabilization kit (An Der Grub, Kaumberg, 
Austria) and the Hsp70-specifk MAb RPN1 197. Relative quantita- 
tive measurements of total Hsp70 expression were made by 
calculating the mean phycoerythrin (PE) fluorescence intensity of 
cells stained with Hsp70 MAb, normalized to the fluorescence 
intensity of cells stained with an isotype-matched control antibody 
(IgGl). • 



TABLE I - TUMORIGEN1CITY AND METASTASES OF HUMAN 
COLON-CARCINOMA CELL LINES CX', CX2 AND CX* WHICH DIFFER IN THEIR 
CAPACITY TO EXPRESS Hsp70 ON THEIR PLASMA MEMBRANE, 18 DAYS AFTER 
S.C. [NJECTION OF 2.5 X 10 6 TUMOR CELLS INTO SCID/BEIGE MICE' 



Cell lines 


CX2 


cx + 


cx- 


Tumor size 


3.0 


2.6 


2.5 


Tumor take 


11/12 


8/8 


8/8 


Localization 


s.c. 


s.c. 


s.c. 


Hsp70-positivc cells, % 


65 


95 


24 


Metastases 


none 


none 


none 



'Phenotypic characteristics of CX2 colon-carcinoma cell line (Tumor- 
zentrum Heidelberg, TZB 610005, Germany) and the clonal sub-lines 
CX+ and CX" are as shown below. CX2: Hsp70, 61%; ICAM-1, 58%; 
VCAM, 8%; HNK1, 7%; NCAM, 21%; MHC-1, 99% CX + : Hsp70, 
92%; ICAM-1, 60%; VCAM, 10%; HNK1, 11%; NCAM, 24%; 
MHC-I, 98%. CX": Hsp70, 20%; ICAM-1, 52%; VCAM, 9%; HNK, 
18%; NCAM, 23%; MHC-I, 99%. MHC-II (HLA DR) expression on 
CX2, CX + and CX" cells was always less than 10%. 




2 4 6 8 10 12 14 16 18 

days after s.c. injection of tumor cells 

Figure 1-The tumor growth was determined every 2 days by 
calliper measurement of tumor diameter in 2 dimensions. Mean tumor 
size of human col on -carcinoma cell lines CX2, CX + and CX", which 
differ in their capacity to express Hsp70 on their plasma membrane. 
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Figure 2 - Cryo-ultramicrotomy image of 
gold-labeled Hsp70 on primary tumor tissue 
after s.c. injection of CX~, CX2 and CX + 
colon-carcinoma cell lines in SClD/beige mice. 
The frozen sections were exposed to anti- 
Hsp70 MAb RPN1197. CX" tumors (a) ex- 
hibit staining with the MAb only within the 
cytoplasm, whereas on CX + (b) and CX2 (c) 
tumors, Hsp70 expression is detectable also 
on the plasma membrane. Arrows denote 
areas of Hsp70 plasma-membrane expression, 
N indicates the nucleus. CX~ X 35,000; 
CX2 X 30,000; CX + x 42,000. Scale bars, 
15 m. 
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RESULTS 

S.c. inoculation of tumor cells with different Hsp7Q 
cell-surface-expression patterns but identical MHC- 
and adhesion-molecule-expression patterns 

Flow-cytometric analysis revealed that CX2, CX + and CX" 
tumor cell lines exhibit identical MHC-class-I- and adhesion- 
molecule-expression patterns but differ significantly with respect to 
their capacity to express Hsp70 on their plasma membrane 
(MulthotT et al, 1 997). As shown in Table I, all tumor cell lines 
resulted in tumor take in SCID/beige mice when 2.5 X 10 6 cells 
were injected s.c. The mean tumor growth, as determined by 
Caliper measurements of tumor diameter in 2 dimensions every 2 
days on viable SCID/beige mice, was comparable for CX2, CX + 
and CX" tumor cells (Fig. 1). After 18 days, the size of all tumors 
ranged from 2.5 to 3.0 cm 2 (Table I). Flow-cytometric analysis of 
single-cell suspensions of the tumors showed that the cell-surface- 
expression patterns of the injected tumor cells and the tumors 
derived from the mice were identical (Table I). Comparable results 
were obtained with LX-1 lung-carcinoma cells which exhibit 
plasma-membrane expression on more than 90% of the cells (data 
not shown). Following s.c. injection, none of the tested tumor cells 
results in metastatic progression, as determined by macroscopic 
and microscopic evaluation of different organs including lung, 
liver, spleen, heart and lymph nodes. X-ray analysis of the skeleton 
revealed no bone metastases (data not shown). 

Electron-microscopical analysis of tumors grown 
in SCID/beige mice 

Cell-surface expression and subcellular distribution of Hsp70, 
visualized as black dots, was studied on CX", CX2 and CX + 
tumors by electron microscopy. In line with the data obtained by 
flow cytometry, only a few tumor cells were found to exhibit Hsp70 
plasma-membrane expression when CX" tumor cells were injected 
(Fig. 2a). Although the amount of cytoplasmic Hsp70 was compa- 
rable in CX", CX2 and CX + tumor cells (Multhoff et al, 1997), the 
number of cells expressing Hsp70 on their plasma membrane was 
significantly increased when CX2 or CX + tumor cells were 
injected. Figure 2b shows a representative electron micrograph 
indicating that all tumor cells express Hsp70 on their plasma 
membrane after injection of CX + tumor cells. Figure 2c shows 2 
neighboring tumor cells with (upper part) and without (lower part) 
Hsp70 cell-surface expression after injection of CX2 tumor cells. 

I.p. and o.t. implantation of'CX + and CX~ tumor cells in 
SCID/beige mice 

In an attempt to correlate tumorigenicity and metastatic progres- 
sion with plasma-membrane expression of Hsp70, autologous 
colon-carcinoma cell lines CX + and CX~ that differ in their 
capacity to express Hsp70 on the plasma membrane in vitro were 
implanted into SCID/beige mice i.p. or o.t. into its site of origin. On 
the basis of our earlier findings that the tumor take of CX + and 
CX" cells was about 100% after s.c. injection of 2.5 X 10 6 tumor 
cells, the same amount of tumor cells was used for i.p. and o.t. 
inoculation. In order to support the development of metastases, the 
mice were killed only on day 21, when signs of severe ill-health, 
including weight loss and breathing problems, were observed. 
Following i.p. injection, local tumor growth of a size up to 1 .8 cm 2 
was detectable within the intraperitoneal cavity adjacent to the 
pancreas or within the para-uterine fat tissue. O.t. implantation of 
tumor cells resulted in local tumor growth adjacent to the injection 
site within the colon. As shown in Table II, no spread of metastases 
was detectable in lymph nodes, lungs, spleen or liver following i.p. 
injection, as determined by macro- and microscopical analysis. 
However, after o.t. injection with CX + or with CX" tumor cells, 
nearly all animals developed macroscopical visible metastases of a 
size up to 0.005 cm 2 in lung, liver and spleen; lymph nodes were 
always free from metastases. Due to the relatively small size of the 
metastases, only qualitative, but no quantitative characterization of 
the material was possible. 



TABLE II - TUMORIGENICITY AND METASTASES OF HUMAN CARCINOMA 
CELL LINES CX + Hsp70 + (90%) AND CX" Hsp70 + (20%) THAT DIFFER WITH 
RESPECT TO THEIR CAPACITY TO EXPRESS Hsp70 ON THEIR PLASMA 
MEMBRANE 21 DAYS AFTER LP. OR O.T. INJECTION OF 2.5 X 10 6 CELLS 
INTO SCID/BEIGE MICE 



Cell lines 



21 days after i.p. injection 21 days after o.t. injection 





cx- 


CX + 


ex- 


cx- 


Tumor size 


1.8 cm 2 


1.5 cm 2 


0.5 cm 2 


0.4 cm 2 


Tumor take 


11/13 


13/14 


12/15 


13/13 


Localization 


i.p. cavity i.p. cavity 


colon 


colon 


Metastases 


none 


none 


8/12 


9/13 


Size of 


none 


none 


<0.005 cm 2 


<0.005 cm 2 


metastases 










Localization 










Lymph nodes 


0/13 


0/14 


0/8 


0/8 


Lungs 


0/13 


0/14 


4/12 


7/13 


Spleen 


0/13 


0/14 


5/12 


6/13 


Liver 


0/13 


0/13 


5/12 


6/13 


Hsp70-positive 


none 


none 


91 


85 


cells, % 











The human origin of the primary tumors and metastases was 
confirmed by flow-cytometric analysis using an anti-human-MHC- 
class-I-specific MAb on single-cell suspensions. The Hsp70 cell- 
surface-expression pattern was determined directly and/or follow- 
ing cell culture of the tumor material derived from single-cell 
suspensions. All experiments with single-cell suspensions from cell 
culture were performed preceding the third cell passage with 
viable, growing adherent cells. The results of representative 
flow-cytometric analysis of tumors following i.p. or o.t. injection 
are shown in Figures 3 and 4. The Hsp70 cell -surface-expression 
pattern of tumor-cell suspensions of CX~ and CX + cells in culture 
used for injection into SCID/beige mice is shown in the first row; 
the second row represents Hsp70 plasma-membrane-expression 
pattern on primary tumor material derived from the intraperitoneal 
cavity following i.p. injection (Fig. 3) or from the colon following 
o.t. injection (Fig. 4). The third row in Figure 4 demonstrates a 
representative phenotypic profile of Hsp70 expression on metasta- 
ses (spleen). Most interestingly, metastases derived from mice 
injected with CX + and CX" tumor cells all exhibited strong Hsp70 
plasma-membrane expression on more than 85% of the cells (Table 
II). In contrast to the Hsp70 cell-surface-expression pattern, 
MHC-class-I and adhesion-molecule expression remained stable in 
CX + and CX" cells derived from cell culture, from primary tumors 
and from metastases (data not shown). 

We reported earlier that although CX + and CX~ tumor cells 
clearly differ in their capacity to express Hsp70 on their plasma 
membrane, the cytoplasmic amount of Hsp70 in CX 4 and CX~ 
cells was identical (Multhoff et al, 1997). Here we compare the 
cytoplasmic amount of Hsp70 from CX + and CX" cells with 
single-cell suspensions derived from primary tumors and metasta- 
ses following o.t. injection in SCID/beige mice. As shown in Table 
III, we observed no significant difference in the total cytoplasmic 
amount of Hsp70 as determined by flow-cytometric analysis using 
permeabilized cells. 

/.v. implantation of CX + and CX~ tumor cells in SCID/beige mice 
Compared with the s.c. and i.p. injection procedures, the 
tumor-take rate and the average tumor size were significantly lower 
following i.v. injection (0.3 cm 2 ), when 2.5 X 10 6 tumor cells were 
injected (Table IV). Furthermore, following i.v, injection tumor 
burden was found only in lungs and liver, not in any other organs. 
The results from flow-cytometric analysis derived from single-cell 
suspensions of tumor material after i.v. injection from the lung and 
liver are shown in Table IV. In contrast to the results obtained with 
lung metastases after o.t. injection, lung tumors after i.v. injection 
of CX~ cells remained Hsp70-negative; after injection of CX + 
cells the resulting tumors were Hsp70-positive. 
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CX- CX+ 




cells in culture 
before i.p. injection 



tumor cells 21 days 
after i.p. injection 



HSP72 (FITC) 



Log Fluorescence 

Figure 3 - Hsp70-flow-cytometric profile of CX" and CX + tumor cells in culture before injection (upper row) compared with that of 
single-cell suspensions derived from primary tumor tissue of SCID/bcigc mice 21 days after i.p. injection (second row). Results arc expressed as 
log green fluorescence intensity vs. relative cell numbers. Dotted tine, background staining with an isotype-matched negative control antibody; 
solid line, Hsp70 cell-surface expression. 



DISCUSSION 

The limited availability of metastatic animal models for human 
tumors is still a barrier in understanding the process leading to 
tumor progression and metastatic development. The s.c. and i.p. 
injection of human carcinoma cells into immunodeficient mice 
rarely results in metastases (Ware et ah, 1982). Our data confirm 
these findings: following s.c. or i.p. injection of colon-carcinoma 
sub-lines, we observed local tumor growth without spread of 
metastases. Initial tumor growth was measurable as little as 2 days 
post-injection, indicating rapid tumor progression. 

In the present study we wished to analyze the role of Hsp70 
plasma-membrane expression on tumorigenicity and spread of 
metastases. We therefore injected into SCID/beige human colon- 
carcinoma sub-lines that differ significantly, in vitro, in their 
capacity to express Hsp70 on their cell membrane, but exhibit 
identical MHC- and adhesion-molecule-expression patterns. Mem- 
brane expression of Hsp70 appears not to be relevant for tumorige- 
nicity, since the tumor growth rates of CX", CX2 and CX+ were 
not significantly different. In addition, the cell -surface-expression 
pattern of Hsp70 on tumor biopsy material of primary tumors 
derived from SCID/beige mice following s.c. and i.p. injection was 
comparable with that of the injected cell lines. Cell-surface 
expression of MHC or adhesion molecules has been shown to play 
a role in tumorigenicity and metastatic growth (Bao et ai, 1993). 
However, in our system, involvement of these molecules could be 
excluded, since the autologous tumor sub-lines CX + and CX" 
exhibit identical MHC- and adhesion-molecule-expression patterns 
in vitro (Multhoff et ai, 1997) and, in vivo. 

In order to evaluate the potential role of Hsp70 expression on 
metastatic progression, an orthotopic tumor engraftment was 



performed. The inoculation of vital tumor cells into their site of 
origin has been shown to be effective in inducing rapid local tumor 
growth and metastatic disease (Fidler, 1986; Fu et ai, 1992a, b). In 
our system, the human colon carcinoma sub-lines CX + and CX" 
were injected into the cecum of SCID/beige mice. After o.t. 
engraftment of these 2 sub-lines, we observed no significant 
differences in the localization, of metastases, which were found in 
lung, spleen and liver; lymph nodes always remained rumor-free. 
Due to the small size of metastases, only phenotypic characteriza- 
tion of single-cell metastases was possible. Most interestingly, 
metastases derived after o.t. injection of CX + or CX~ rumor cells 
always exhibited strong Hsp70 membrane expression. As with the 
primary tumors, MHC and adhesion-molecule expression remained 
unaltered. These data led us to speculate that Hsp70 might be 
involved in the process of metastases in immunodeficient mice. 

It has been reported that, in addition to o.t. injection, i.v. 
inoculation of tumor cells supports the generation of distant 
metastases (Taniguchi et ai, 1987; Talmadge et ai, 1980). To 
determine whether Hsp70 cell-surface expression facilitates migra- 
tion and dissemination of metastases or whether Hsp70-positive 
cells have a better chance to invade and/or grow in lungs, liver or 
spleen, i.v. injection was performed using CX + and CX" sub-lines. 
In contrast to metastases derived after o.t. injection, tumor cells 
derived from the lung and liver following i.v. injection revealed no 
increased Hsp70 cell-surface expression. Together with the finding 
that tumor take as well as tumor growth was much weaker 
following i.v. injection as compared with other injection proce- 
dures, these data indicate that Hsp70 cell-surface expression is 
more likely involved in the escape of tumor cells from the primary 



Hsp70 IN METASTASES 



947 



cx- 



CX+ 





cells in culture 
before o.t. injection 




"W ft* 




primary tumor cells 
18 days after o.t. 
injection 





spleen metastases 
1 8 days after o.t, 
injection 



HSP72 (FITC) 
Log Fluorescence 

Figure 4 - Hsp70-flow-cytometric profile of CX~ and CX + tumor cells in culture before injection (upper row) compared with that of 
single-cell suspensions derived from primary tumor tissue of SCID/beige mice 21 days after o.t. injection (second row) and that of metastatic 
tissue (spleen; third row). Results are expressed as log green fluorescence intensity vs. relative cell numbers. Dotted line, background staining with 
an isotype-matched negative control antibody; solid line, Hsp70 cell-surface expression. 



TABLE 111 - RELATIVE AMOUNT OF TOTAL Hsp70 IN PRIMARY TUMORS 
AND LUNG METASTASES DERIVED AFTER O.T. INJECTION OF CX* AND CX~ 
TUMOR CELLS INTO SCID/BEIGE MICE COMPARED WITH CX^ AND CX" 
TUMOR CELLS IN VITRO 



Tumor cells derived from 



Relative amount 
of total Hsp70 

CX + cells CX" cells 



primary tumors after o.t. injection of CX + 


1.08 


0.99 


tumor cells 






primary tumors after o.t. injection of CX" 


1.09 


1.22 


tumor cells 






lung metastases after o.t. injection of CX + 


0.98 


1.09 


tumor cells 






lung metastases after o.t. injection of CX~ 


0.90 


1.00 


rumor cells 







tumors than in the capacity to enhance invasion and growth in lung 
or liver. 

In vitro results using Hsp70-positive tumor cells in a standard 
chromium-5 1 -release cytotoxicity assay revealed that sensitivity to 
lysis of CX + single-cell suspensions of metastases and CX + cells 



TABLE IV - TUMORIGENICITY OF HUMAN CARCINOMA CELL LINES CX + AND 
CX" THAT DIFFER IN THEIR CAPACITY TO EXPRESS Hsp70 ON THEIR PLASMA 
MEMBRANE FOLLOWING I.V INJECTION OF 2.5 X 1 0* CELLS INTO THE TAIL 
VEIN OF SCID/BEIGE MICE 



Cell lines 


CX~ 


CX f 


Hsp70-positive cells before injection, % 


22 


94 


Days post-i.v. injection 


21 


21 


Tumor size 


0.2 cm 2 


0.15 cm 2 


Tumor take 


3/4 


2/4 


Localization 


lung 


lung/liver 


Hsp70-positive cells after injection, % 


23 


89 



of primary tumors was not significantly different (data not shown). 
It has been demonstrated that certain cytoplasmic localized heat- 
shock proteins, including Hsp70, are expressed on tumor cells, but 
not on normal tissue (Multhoff et ai, 1995a), thus indicating that 
HSP might elicit tumor-specific immunity (Piselli et ai, 1995; 
Pocciae/a/., 1992; Ferrarrini et ai, 1 992; Chouchane et al, 1994; 
Fisch et ai, 1992; Botzler et aL, 19966). We have shown that 
cell-membrane-expressed Hsp70 acts as an immunological target 
structure for recognition by NIC cells (Multhoff et ai, 1995a, 6 
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1997; Botzler et al, 1996a, 6). Taken together these data led us to 
the hypothesis that NK cells with specificity against Hsp70 
expressing tumor cells might not only result in an improved local 
tumorcontrol but also might reduce the spread of distant metasta- 
ses. This would be in line with the results of Hill et al. (1994), who 
showed that human NK cells possess the ability to mediate 
anti-tumor activity and to reduce lung-nodule counts of human 
melanoma xenografts. Studies continue to investigate the role of animal experiments. 



human NK cells transferred into tumor-bearing SClD/beige mice in 
protection against Hsp70-expressing tumor cells and metastases. 
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Natural killer cell reactivity: activation and 
cytolysis mechanism models, involving heat 
shock protein, haemopoietic histocompatibility, 
major histocompatibility complex and 
complement molecules 

G. MANZO 

Via Paisielio 24, 73020 Botrugno (Lei Italy (Fax: +39 0836 992821) 

Abstract — The close association of heat shock protein (HSP) f haemopoietic 
histocompatibility (Hh), major histocompatibility complex (MHC), and complement genes on 
the same chromosomal region, and the fact that all these genes are inherited on the whole in 
each haplotype of an individual, might indicate some evolutionary and functional correlations 
among them. Several data suggest for HSP70 molecules a possible role as a molecular target 
recognizable by natural killer (NK) cells, HSP70 sequences from both prokaryotic and 
eukaryotic organisms reveal that about half of the amino acid residues are identical and many 
of the remaining residues are similar. I here assume that NK reactivity might start, early in the 
immunogenesis process, as a effect of the interaction between HSP70 molecules and a 
hypothetical HSP receptor of yet immature non-cytolytic NK cells. To this receptor, an HSP 
molecule might act as an activator or an inhibitor depending on whether its amino acid 
residues are reactive or not with it, respectively. Later in the immunogenesis process, murine 
Hh or human equivalent molecules, dominantly expressed in bone marrow target cells, might 
select the non-reactive NK clones of an individual, inducing them to mature and express a 
lytic machinery. As a consequence of the NK maturation, proliferating hemopoietic target 
cells expressing only or mainly activator HSPs on their surface might undergo NK cytolysis. 
This might explain the NK lysis of apparently normal cells found in human foetal marrow; 
moreover, this might explain in some way the F1 hybrid resistence phenomenon. The NK 
reactivity of an individual would be further modulated by the expression on the NK surface of 
particular receptors (CD94, p58) specific for defined MHC molecules (Cw1, Cw3, Bw6, B7) on 
the target cells. Such a specific interaction would induce an 'NK effector inhibition'. The NK 
reactivity mechanism might have been further evolutionarily modified and adapted by the 
involvement of other NK receptors, such as CD1 1 b (specific for the C3b factor of the 
complement) and CD16 (specific for the IgG Fc piece). 
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6 MEDICAL HYPOTHESES 

Cooperation among HSP, MHC, CD11b, CD16, C3b and Fc allows us to propose original 
models of the activation and cytolysis mechanisms in the NK cytotoxicity and antibody- 
dependent cell cytotoxicity phenomena. 



Introduction 

Natural killer (NK) cells lyse tumour or virus-stressed 
cells without restriction by the major histocompa- 
tibility complex (MHC) antigens (1). NK cells also 
recognize and lyse normal allogeneic T-cell blasts (2) 
and embryonal cells (3). Target molecules recognized 
by NK cells, and NK receptors for recognition, are, 
as yet, little known. Some specificities (NK-1, NK-2 
and others) in the recognition of normal allogeneic 
target cells have been shown by Ciccone et al (4). NK 
specificities may be equivalent to the MHC-linked 
haemopoietic histocompatibility (Hh) antigens (5), 
defined by bone marrow grafting in mice (6). Recent 
reports (7-9) indicate that heat shock protein (HSP) 
molecules may be involved in the NK reactivity, as I 
have previously postulated (10). On the basis of these 
and other data, I suggest an original model of NK 
reactivity involving HSP, Hh, MHC and complement 
molecules, whose genes are closely located in the 
same chromosomal region (5). This close association 
and the fact that all these genes are inherited on the 
whole in each haplotype of an individual (11) might 
indicate that some evolutionary and functional corre- 
lation might exist among them. I therefore postulate 
that: (a) HSP70 molecules might be the natural target 
recognized by NK cells on proliferating cells; (b) the 
murine Hh (or human equivalent) molecules might 
dominantly determine maturation and selection of 
specific NK clones in the bone marrow of an indi- 
vidual; (c) HLA-B and C molecules, when present 
on target cells, would modulate the reactivity of the 
selected NK specificities, by an 'effector inhibition* 
(12) mechanism. 



Development of the hypothesis 

Heat shock protein molecules as targets for the basic 
natural killer cell reactivity 

HSP72, a stress-inducible sarcoma molecule, is re- 
cognized by CD3- NK cells, but not CD3+ T cells 
(7). An oxidative stress protein is a factor enhancing 
NK cells (13). The sensitivity of certain tumour target 
cells to natural killing increases after stressing 
(heating) (9), which induces high expression of HSPs. 
A 70 kDa heat shock cognate (HSC) protein, a rat 
fibrosarcoma antigen, may act as a presenting mole- 
cule (8) for NK cells. HSP70 closely resemble MHC 
molecules in structure and function (14), and com- 



puterized models show on HSP70 peptides binding 
sites analogous to those present on MHC class I 
molecules (14). Each of the HSPs appears to interact 
with many different proteins (15). All this suggests 
for HSP70 molecules a possible role of molecular 
target recognized by NK cells, to which HSP70 might 
present peptides. Comparison of HSP70 sequences 
from both prokaryotic and eukaryotic organisms 
reveals that about half of the amino acid residues 
are identical, and many of the remaining residues 
are similar; HSP90 and HSP60 are similarly highly 
conserved (15). Considering these HSP amino acid 
sequences, I postulate that NK cell reactivity might 
result as an effect of the interaction between HSP70 
molecules and a hypothetical HSP receptor (asialo 
GM1?, CD2?) of NK cells. This HSP receptor might 
be endowed with an inhibitor binding site (i-site) and 
an activator site (a-site). The i-site might be specific 
for the common amino-acidic sequences of HSP70 
molecules; the a-site might have a wide reactivity 
for the similar or different amino-acidic sequences 
of the HSP70 family members. Thus, an HSP might 
react as an inhibitor (i-HSP) or an activator (a-HSP) 
of the NK reactivity when its non-common amino- 
acidic sequences are respectively non-reactive or 
reactive with the a-site of HSP receptors. Since 
HSP70 are probable peptide presenting molecules 
(8,14), the presence of other antigens bound on them 

(15) might alter their stereochemical structure and 
thus enhance their reactivity with the a-site of NK 
HSP receptors. The basic NK cell reactivity might 
consist in an internal signal that mobilizes Ca ++ ions 

(16) and switches on the replication, transcription and 
lytic machinery. 

Haemopoietic histocompatibility antigen selection, 
restriction and maturation of natural killer clones 

This basic NK reactivity might presumably start 
during early immunogenesis, but lytic machinery 
effectiveness might not occur in yet-immature NK 
cells. Probably, NK cell maturation and differen- 
tiation occur in later phases of the immunogenesis, 
by a target-cell-mediated pathway (17). I think that 
NK maturation might be mediated by haemopoietic 
target cells expressing on their surface murine Hh 
or human equivalent molecules. Hh molecules are 
dominantly expressed on bone marrow cell surfaces 
and are specifically recognized by NK cell receptors 
in the rejection of bone marrow cell grafts (6). I 



NATURAL KILLER CELL REACTIVITY 

suggest that Hh receptors might be associated to 
the HSP receptors on the NK cell surface, so that 
the reactivity between a-HSPs and the a-site of HSP 
receptors might be modulated in the presence of bone 
marrow target cells endowed with Hh antigens. 
Moreover, Hh receptor expression or other Hh-related 
events might induce the ability to express an effec- 
tive lytic machinery in the immature NK cells, thus 
rendering them cytolytic, that is mature. As a conse- 
quence of the NK maturation, proliferating haemo- 
poietic target cells expressing only or mainly a-HSPs 
on their surface might undergo NK cytotoxicity. The 
NK lysis of apparently normal cells found in human 
foetal marrow (18) might be a sign of this. On the 
contrary, bone marrow target cells expressing only 
i-HSPs, or both a-HSPs and i-HSPs, might avoid 
NK cytolysis. Such an NK reactivity model might 
in some way explain why Fl hybrid mice reject bone 
marrow cells of both parents (hybrid resistance), 
whereas hybrid bone marrow cells are accepted by 
both parents (6). I think that different possible com- 
binations between Hh antigens (specific or not for 
the NK Hh receptors) and a-HSPs (prevalent or not 
over i-HSPs) on the target cell surface might account 
for the said phenomena peculiar to haemopoietic 
immunity. 

Natural killer effector inhibition induced by major 
histocompatibility complex molecules of target cells 

NK reactivity would be further modulated during the 
ontogenetic differentiation phase by the expression 
of particular MHC molecules (Cwl, Cw3, Bw6, B7) 
on the target cells and of specific receptors on the NK 
surface (CD94, p58) (5,16,19-21). I postulate that 
these receptors for MHC antigens might be equivalent 
to the Hh receptors (5) for Hh antigens, and that 
they also might associate to the HSP receptors. So, 
they might modulate the reaction between the a-site 
of the latter and a-HSPs, when MHC antigens are 
expressed on the target surface. Such a modulation 
might inhibit, stimulate or have no effect on the 
basic NK reactivity, depending on the MHC antigens 
expressed on the target. Specific MHC molecules 
would interact with specific receptors: CD94 NK 
molecules seem to be involved in the recognition 
of HLA-B target antigens, and p58 NK molecules 
in that of HLA-C (16,20). NK effector inhibition 
(12) might therefore be due to a specific masking 
effect by MHC molecules on specific NK receptors 
associated to the a-site of HSP-receptors. Specific 
MHC alleles would thus restrict the basic NK 
reactivity so that autologous proliferating normal 
cells, even if a-HSP-endowed, might elude NK 
cytolysis. 
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Further modulation of the natural killer cell 
reactivity 

The NK reactivity mechanism might have been 
further evolutionarily modified and adapted by the 
involvement of other NK receptors, such as CD lib 
receptors and CD16 receptors (22). CDllb receptors 
are specific for the C3b factor of the complement 
system (22); they might therefore have a functional 
homology with the C4b-C2a-B complex of the 
complement alternate pathway. CD 16 receptors are 
specific for the IgG Fc piece (22); therefore they 
might have a functional homology with the Clqrs 
complex of the classic complement pathway. Per- 
forin, a lytic factor of the NK cytoplasmic granules, 
is homologous to the terminal factors (23) (C8, C9) 
of the complement. All this strongly suggests that in 
the NK membrane there might be an embedded 
complement system, by which the cytolytic activity 
might occur. 



Activation mechanism model in natural killer cell 
cytotoxicity and antibody-dependent cell cytotoxicity 

NK cytotoxicity is typically expressed by NK cells 
very rich in CDllb receptors (22) specific for C3b. 
C2, C4 and B complement factors may form a 
C4b-C2a-B complex binding C3b (24), thus exhi- 
biting a functional homology with CDllb. C2, C4 
and B genes are closely associated to HSP70 genes 
(5). HSP70 molecules may have a role of presenting 
peptides (8,14). Each of the HSPs appears to interact 
with many different proteins (15). I suggest, therefore, 
that target HSP70 might act as a molecule presenting 
the C3b peptide to the CDllb receptors of NK 
cells. C3b is largely produced during in-vivo immune 
processes and commonly binds itself to target cell 
surfaces, opsonizing them (24). C3b-opsonized cells 
tend to adhere to the leukocytes (24). In the cyto- 
plasmic granules of NK cells a lytic protein, the 
so-called 'perforin', is present, which is significantly 
homologous and equivalent to the complement C8 
and C9 factors (23). Cytolytic effects of NK lysis 
produce perforating lesions 10-20 nm in diameter, 
very similar to those generated by the C5-6-7-8-9 
activated complex of the complement (24). Since 
CDllb has a functional homology with the C4b- 
C2a-B complex of the complement alternate 
pathway, after a CDllb-C3b specific bond the sub- 
sequent C5, C6, C7, C8 complement factors might 
be activated. Once activated, the C5-6-7-8 complex 
might detach itself from the NK membrane, remain- 
ing adherent (24) through C3b-HSP to the target 
membrane, where it might produce small lesions. 
At the same time, the C3b-CDllb reaction might 
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generate an internal signal that mobilizes Ca ++ ion and 
alters the NK membrane permeability, thus allowing 
the external release of the cytolytic granule content 
(25), such as perforin, fragmentin, TNF or other lytic 
factors. The said mechanism, evolutionarily modified 
and adapted, for instance by embedding a Clqrs (or 
equivalent) preformed complex in the NK membrane, 
might be used by NK cells in antibody-dependent 
cell cytotoxicity (ADCC). Since the CD16 receptors 
are functionally equivalent to the complement Clqrs 
complex, NK cells rich in CD 16 receptors might 
utilize the aforesaid activation mechanism when the 
target is sensitized by antibodies. In fact, the Fc piece 
of target-bound IgG might specifically react with 
NK CD16 receptors. This Fc-CD16 complex (func- 
tionally equivalent to Clqrs), together with CDllb 
receptors (functionally equivalent to C4b-C2a-B), 
might allow the C3 factor to be bound and, then, 
cleaved into C3a and C3b. C3b might activate the 
C5-6-7-8 complex, as suggested above. 

Natural killer cell cytolytic mechanism model 

Either NK cytotoxicity or ADCC activation might 
therefore result in a membrane C5-6-7-8 (or equi- 
valent) activated complex. This, detaching itself 
from NK membrane, would remain adherent to the 
target cell surface (24) through C3b-HSPs or Fc of 
bound IgG. Since such an activated complex is able 
to cause a slow target lysis (24), some membrane 
damage (presumably pore formation) might occur, 
which alters the target membrane permeability. So, 
exocellular Ca ++ ions may persistently flow inside 
the target, inducing the lytic processes of apoptosis 
and/or necrosis. Theoretically, NK cytolysis might 
therefore occur through the only C5-6-7-8 activated 
complex, as perhaps it occurs in the case of rapid 
necrotic death independent of granule exocytosis (26). 
However, this basic cytolytic mechanism might be 
highly enhanced by the presence of lytic factors, such 
as perforin, fragmentin, RNK-I protease, granzime 
B and TNF, present in the NK granules and secreted 
by exocytosis in the microenvironment between NK 
and target membranes. Therefore, target lysis may 
occur with many types of lytic factors or even without 
exocytosis of lytic factors, and in different ways 
(apoptosis and/or necrosis) (26-29). This might indi- 
cate that the crucial point in the cytolysis might be 
the formation of few small initial lesions in the target 
membrane, such as these generated by the C5-6-7-8 
activated complex. The membrane damages and 
the consequent persistent afflux of Ca ++ ions into 
the target cytoplasm might then massively activate 
the transcription and proliferation machinery genes 
(myc, fos, p53, ras) and enzymes (polymerases, endo- 
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nucleases, kinases) (30). Such a massive prolonged 
cell machinery activation might be mainly responsible 
for the apoptotic and/or necrotic target cell death. 
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We previously demonstrated that lysis of tumor cells that ex- 
press Hsp70, the highly stress-inducible member of the HSP70 
family, on their plasma membrane is mediated by natural 
killer (NK) cells. Here, we studied the effects of different pro- 
teins of the HSP70 family in combination with inter leu kin 2 
(1L-2) on the proliferation and cytotoxic activity of human NK 
cells in vitro. Proliferation of NK cells was significantly en- 
hanced by human recombinant Hsp70 (rHsp70) and to a lesser 
extent by rHsp70homC, the recombinant C-terminal peptide- 
binding domain derived from Hsp70hom, but not by the con- 
stitutive Hsc70 or DnaK, the Escherichia coli analogue of hu- 
man Hsp70. Even rHsp70 protein alone moderately enhances 
proliferation and cytolytic activity of NK cells, thus indicating 
that the stimulatory effect is not strictly dependent on IL-2. 
NK cells stimulated with rHsp70 protein also exhibit an in- 
creased secretion of interferon 7 (IFN-7). The phenotypic 
characterization of NK cells with specificity for Hsp70- 
expressing tumor cells revealed a CD16 din 7CD56 bri8ht and in- 
creased CD57 and CD94 expression. The cytolytic activity of 
NK cells also was significantly reduced when a CD94-specific 
antibody or rHsp70 was added directly before the cytotoxicity 
assay, whereas other antibodies directed against CD57 and 
major histocompatibility complex class I molecules or Hsp70 
proteins, including Hsc70 and DnaK, did not affect the NK- 
mediated killing. However, long-term incubation of NK cells 
with rHsp70 protein enhances not only the proliferative but 
also the cytolytic response against Hsp70-expressing tumor 
cells. Our results indicate that the C-terminal domain of Hsp70 
protein affects not only the proliferative but also the cytolytic 
activity of a phenotypically distinct NK cell population with 
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Introduction 

The search for molecules that elicit cancer immunity led to 
the identification of chaperones with molecular weights of 
70 and 90 kDa [1-4]. In addition to their intracellular chap- 
eroning function for tumor peptides [5], members of the 70- 
kDa heat shock protein family (HSP70) elicit a strong anti- 
cancer immunity if they are expressed on the cell surface 
and thus are accessible to immunocompetent effector cells 
[6]. Cell surface expression of cytosolic Hsp70 on human 
tumor cells has been demonstrated by flow cytometry, light 
and electron microscopy, erythrorosetting, and/or selective 
cell surface protein biotinylation, although the mechanism 
for transport and anchorage in the plasma membrane re- 
mains to be elucidated [6-9]. Evidence is accumulating that, 
similar to rapidly released proteins including interleukin 1 
(IL-1) or basic fibroblast growth factor [10-13], Hsp70 is 
transported to the plasma membrane as a protein complex 
via a nonclassic, endoplasmic reticulum-Golgi independent 
pathway [9,14,15], 

In vitro, certain carcinoma cell lines, including colon car- 
cinoma cells CX2, express Hsp70 on their plasma mem- 
brane already under physiologic conditions [8,16]. By cell 
separation experiments, two colon carcinoma sublines, 
CX+ and CX— were generated that differ with respect to 
their capacity to express Hsp70 on the plasma membrane 
but exhibit an identical major histocompatibility complex 
(MHC) and adhesion molecule expression pattern. Func- 
tionally, the inducible and constitutive plasma membrane 
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Table 1. HLA antibodies and ant i sera used to define HLA antigens 



Reactivity to 

Name of the antibody 





HI A QTippifiritv 

i 1 LA DlJ&wlllw'iiy 




rx— 


2536 (Grosse-Wilde) 


Al 








880019 (Ochsner) 


A2, A69, B57 


+ 




HB117 


A2, A69 


+ 


+ 


Fe44 (Ferrara) 


A2 


+ 


+ 


843609 (Grosse-Wilde) 


A9 


- 


- 


GSWS (Grosse-Wilde) 


A10 






823258 (Grosse-Wilde) 


All 






LIDDELL (Darke) 


B14,B18, B39, Bw55 






JB2 (Wank) 


B14, B18 






GIBBS (Terasaki) 


B15,B22, B40 


+ 


+ 


STEELE (Duquesnay) 


B17 






LASELL (Duquesnay) 


B22 




+ 


S4 (Johnson) 


B44 


+ 


+ 


KT4 (Johnson) 


B44, B45, B51.B52 


+ 


+ 


DOUGHTY (Duquesnay) 


B65 






HLA C alleles 


HLA Cwl,2,3,4,5,6,7,8 







Furthermore, HLA class I and class II alleles were defined on CX+ and 
CX— sublines by sequencing based typing with an ALF automated se- 
quencer [19,20]. 

Both tumor sublines CX+ and CX— were typed confirmly as: HLA A2 
0201, B44, B22, DQB1 0501, DRB1 0103; no HLA C alleles could be de- 
termined on neither one of the two sublines and on the original cell line CX2. 



expression of Hsp70 on tumor cells correlate with increased 
sensitivity to lysis mediated by non-MHC restricted natural 
killer (NK) cells [3,16]. Antibody (Ab) blocking studies us- 
ing Hsp70-specific monoclonal antibodies directed against 
the C-terminal substrate binding domain of Hsp70 revealed 
strong inhibition of NK-mediated lysis [16,17]. 

The present report characterizes some aspects of the 
specificity of Hsp70 recognition by NK cells and the associ- 
ated effects on NK cell function in vitro, as assayed by ad- 
hesion, tumor cell cytotoxicity, and proliferative activity. 

Materials and methods 

Cell culture 

Monocyte-depleted peripheral blood lymphocytes derived from 
healthy human volunteers were separated into nonadherent CD3 + 
T cells and cytokine-dependent, transient (12-24 hour) plastic ad- 
herent CD3" (CD16 + /CD56 + ) NK cell subpopulations in a multi- 
step procedure after a 12-hour incubation period in IL-2-contain- 
ing medium, as described elsewhere [16,18]. The cells were 
cultured separately in rIL-2 (100 IU; Chiron, Frankfurt, Germany) 
containing RPMI 1640 (Life Technologies, Eggenstein, Germany) 
medium for 3 to 4 days. 

The autologous human colon carcinoma sublines CX+ and 
CX— , which differ with respect to their expression of Hsp70 at the 
plasma membrane but exhibit an identical MHC and adhesion 
molecule expression pattern [16], were cultured in RPMI 1640 me- 
dium supplemented with 10% fetal calf serum (Life Technologies), 
6 mM L-glutamine, and antibiotics (100 IU/mL penicillin and 100 



jxg/mL streptomycin; Life Technologies). Exponentially growing 
tumor cells were used as target cells in cytotoxicity assays. 

The cell lines were screened regularly and were defined as neg- 
ative for mycoplasma contaminations (Genprobe; H. Biermann, 
Bad Nauheim, Germany). 

HLA typing of human colon carcinoma sublines CX+ and CX— 
The tumor sublines CX+ and CX- could not be HLA typed by 
serologic methods; therefore, the HLA antigens were defined by 
flow cytometry (FACScan analysis, described later) using the 
HLA antibodies and antisera listed in Table 1. 

Furthermore, HLA class I and class II alleles were defined on 
CX+ and CX- sublines by sequencing-based typing with an ALF 
automated sequencer [19,20]. 

Both tumor sublines CX+ and CX— were typed confirmatively 
as HLA A2 0201, B44, B22, DQB1 0501, DRB1 0103; no HLA C 
alleles could be determined on either one of the two sublines and 
on the original cell line CX2. 

Hsp70 protein panning 

The Hsp70 proteins used in this study were as follows: rHsp70 (re- 
combinant human Hsp70A expressed in Escherichia coli, SPP- 
755), Hsc70 (constitutive form of Hsp70 purified from bovine 
brain, SPP-750), and DnaK (Hsp70 homolog purified from E. coli, 
SPP-630) were obtained from StressGen Biotechnologies (Victo- 
ria, Canada). Hsp70homC (aa 384-561) is the recombinant C-ter- 
minal peptide binding domain of Hsp70hom expressed in E. coli. 
All proteins were diluted in phosphate-buffered saline (PBS) at a 
stock concentration of 1 mg/mL and frozen in aliquots at — 80°C. 
The sequence homologies of all proteins over the complete and 
over the C-terminus are compared in Figure 1 . 

Panning experiments were performed using recombinant hu- 
man Hsp70 protein or DnaK. The proteins were diluted in PBS at a 
stock concentration of 1 mg/mL and frozen at — 80°C. Briefly, 
T-25 culture flasks were incubated with Hsp70 proteins (10 u,g/ 
mL) diluted in 3 mL of ice-cold carbonate buffer at pH 9.5 for 12 
hours. Following blocking of nonspecific binding sites with PBS/ 
5% fetal calf serum (FCS), peripheral blood mononuclear cells 
suspended in PBS/1 %FCS/0.1% sodium azide were incubated in 
the culture flask for 30 minutes at room temperature. Nonadherent 
cells were obtained from the initial supernatant fraction postincu- 
bation. Adherent cells were harvested by sequential washing steps 
using ice-cold PBS/ 10% FCS solution. To remove slightly adher- 
ent cells, a single, mild washing step was used. Strongly adherent 
cells were obtained by additional, stringent washing. The different 
cell populations obtained at each washing step were counted sepa- 
rately and phenotypically characterized by flow cytometry using 
antibodies directed against CD3 as a T-cell marker and CD 16/ 
CD56 as NK cell markers. 

3 H thymidine uptake 

The proliferative capacity of T or NK cells against different Hsp70 
proteins was determined in a standard 3 H thymidine uptake assay 
[21]. Viable cells (5 X 10 4 cells/100 uX) were seeded in a 96-well 
flat-bottom microtiter plate (Greiner, Nurtingen, Germany) in sup- 
plemented RPMI 1640 medium containing 100 1 U IL-2 and differ- 
ent recombinant Hsp70 proteins (rHsp70, Hsc70, DnaK, 
rHsp70homC). By testing different concentrations of the Hsp70s 
(1, 10, 50, 100 u,g/mL), a final concentration of 10 p,g/mL proved 
to be optimal for stimulation. As an internal control, the prolifera- 
tive activity against IL-2 (100 IU/mL) was determined in parallel. 
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Figure 1. Sequence homology of different Hsp70 proteins. Comparison of the sequence homology of different recombinant Hsp70 proteins: rHsp70 (aa 
1-641) [39], C-terminal part of rHsp70hom (aa 384—561) [40], Hsc70 (aa 1-646) [41], and DnaK (aa 1-638) [42]. 



After a 24- or 48-hour incubation period, the cells were pulsed 
with 3 H thymidine (1 p-Ci/well) and the total uptake was measured 
following an 18-hour incubation period at 37°C in a liquid scintil- 
lation counter (Beckmann Instruments, Munich, Germany). 

Monoclonal antibody, FACScan analysis, and cell sorting 
The following antibodies (Ab) were used for phenotypic character- 
ization of T and NK cells. Antibodies used for cell sorting are 
marked with an asterisk: isotype-matched control Ab (Dianova, 
Hamburg, Germany), CD3/CD16/CD56 (Simultest™, Becton 
Dickinson, Heidelberg, Germany), CD45/CD14 (Simultest™, 
Becton Dickinson), CD16 (Dianova), and CD3* (Dianova). The 
expression of killer cell inhibitory receptors (KIR) [22] was deter- 
mined using monoclonal antibody 1846 (p58.2; Immunotech, 
Hamburg, Germany), 1847 (p58.1, Immunotech), 1614 (CD94, 
Immunotech), and 5.133 supernatant (p70, kindly provided by Dr. 
D.J. Schendel). 

Flow cytometry was performed as described elsewhere [6] on a 
FACScan instrument (Becton Dickinson). The percentage of posi- 
tively stained cells was defined as the difference between the num- 
ber of specifically stained, viable (propidium iodide negative) cells 
minus the number of cells stained with isotype-matched control 
antibodies. 

Monocyte-depleted peripheral blood lymphocytes were sepa- 
rated into a CD3 + T-cell population and a CD3" NK cell popula- 
tion by cell sorting on a FACStarP'" 5 instrument (Becton Dickinson). 
The purity of each cell fraction was determined by flow cytometry. 



Enzyme-linked immunosorbent assays 

Tumor necrosis factor a (TNF-ot) and IFN-7 in the supernatant of 
either untreated or Hsp70-treated NK cells incubated with differ- 
ent concentrations of IL-2 was determined by an enzyme-linked 
immunosorbent assay sandwich technique as described elsewhere 
[23]. Briefly, 96-well plates were coated with the antibodies against 
the different chemokines and cytokines and then incubated with the 
relevant cell culture supernatants or cytokine standards, respec- 
tively. Detection was performed with the biotinylated antibodies and 
a peroxidase conjugate according to the manufacturer's instructions. 

Cytotoxicity and inhibition assays 

NK-mediated cytotoxicity was measured using a 4-hour 51 Cr ra- 
dioisotope assay [16,24], Inhibition assays were performed by pre- 
incubation of NK cells with Hsp70 proteins (rHsp70, Hsc70, 
DnaK, rHsp70homC) at a final concentration of 5 |xg/mL (1 X 10 6 
cells) for 30 minutes at room temperature directly before the assay. 
As target cells, the autologous colon carcinoma sublines CX+ and 
CX— were used. These sublines differ with respect to their capac- 
ity to express Hsp70 on the plasma membrane but exhibit an iden- 
tical MHC and adhesion molecule expression pattern The percent- 
age of specific lysis was calculated as: [(experimental release — 
spontaneous release)/(maximal release — spontaneous release)] X 
100. Spontaneous release in all experiments was always <15%. 

Inhibition assays were performed by preincubation of NK cells 
with antibodies directed against CD94 or CD57 (5 (xg per 1 X 10 6 
cells) and tumor target cells with antibodies directed against MHC 
class I antigens. Following a 30-minute incubation period at room 
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temperature, the NK cells were used for the cytotoxicity assays 
without washing as described earlier. 



Results 

Stimulation ofTandNK cell proliferation by rHsp70 

The proliferation of purified NK and T cells, derived from 

the same donor, stimulated with the HSP70 proteins rHsp70, 
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Figure 2. Stimulation of the proliferative activity of NK. cells, but not T 
cells, by rHsp70 and rHsp70homC. Comparison of the proliferative activ- 
ity of separated NK cells (A) and T cells (B) stimulated either with IL-2 
alone (100 IU/mL; control) or with different recombinant Hsp70 proteins 
(rHsp70, rHsp70homC, DnaK, Hsc70, and heat-denatured rHsp70) diluted 
in IL-2 medium (100 IU/mL) at a concentration of 10 p,g/mL each. Pheno- 
typic characterization of NK cells: CD3: <5%; CD16/CD56: 46-87%; 
CD94; 60-70%; p58.1 and p58.2: <20%; p70: <5% and T cells; CD3: 85- 
92%; CD16/CD56: 5-10%; CD94: <29%; p58.1 and p58.2: not tested; 
p70: not tested as determined by flow cytometry. Proliferation of the cells 
was measured after 48 hours and an incubation period with 3 H thymidine 
(1 u-Ci/mL) incorporation at 37°C for 18 hours. Values are given as the 
means of three to five independent experiments ± SD. 



Table 2. Comparison of the proliferative activity of NK stimulated either 
with IL-2 at different concentrations or with IL-2 plus recombinant Hsp70 
protein (rHsp70) at a concentration of 10 p,g/mL each 







3 H thymidine (cpm) 


IL-2 


IL-2 + rHsp70 


IL-2 






0 IU/mL 


633 ± 83 


900 ± 97 


1 IU/mL 


1277 ± 193 


1602 ± 113 


10 IU/mL 


2956 ± 389 


3987 ± 245 



Proliferation of the cells was measured after 48 hours and an incubation 
period with 3 H thymidine (1 ^Ci/mL) incorporation at 37°C for 18 hours. 
Values are given as means of three independent experiments ± SD. 



DnaK, Hsc70, and rHsp70homC (aa 384-561), was mea- 
sured in a standard 3 H thymidine uptake assay. Dose escala- 
tion studies using different Hsp70 proteins at concentrations 
ranging from 1 to 100 jxg/mL revealed that a maximal stim- 
ulation of the proliferative capacity could be obtained with 
10 jxg/mL Hsp70 protein (data not shown). The prolifera- 
tive activity of isolated NK and T cells was tested following 
in vitro stimulation with either rHsp70, DnaK, Hsc70, or 
rHsp70homC (aa 384—561). A comparison of the sequence 
homology of these members of the HSP70 family is shown 
in Figure 1. As summarized in Figure 2 A, NK cell prolifera- 
tion was significantly stimulated by rHsp70 and to a lesser 
extent by rHsp70homC, which is 94% identical to Hsp70 in 
the C-terminal domain (aa -384-561). In contrast, DnaK and 
Hsc70 did not stimulate NK cell proliferation under these 
conditions. Heat denaturation of rHsp70 completely eradi- 
cated the stimulatory effect of Hsp70 on NK cell proliferation. 

By comparison, the proliferation of CD3 + T lympho- 
cytes was induced by DnaK, whereas rHsp70, Hsc70, 
rHsp70homC, and heat-denatured rHsp70 had no significant 
effect on proliferative capacity (Fig. 2B). The proliferation 
of NK cells could be induced by human Hsp70 equivalents 
(rHsp70, rHsp70homC), whereas T-cell proliferation was 
selectively stimulated by bacterial Hsp70 (E. coli DnaK). 
With respect to the T-cell population, stimulation with 
DnaK did not stimulate the expression of any of the cell sur- 
face markers tested. 

To evaluate whether the stimulatory effects of rHsp70 
protein on NK cells is dependent on IL-2, different concen- 
trations of IL-2 (0, 1, and 10 IU/mL) were tested. As listed 
in Table 2, even rHsp70 protein alone is able to induce a 
moderate proliferative response in NK cells. 



Cytokine secretion of NK 
cells following incubation with rHsplO 
The cytokine secretion pattern was measured by enzyme- 
linked immunosorbent assay technique. As shown in Table 
3, a significant increase in the secretion of IFN-7 is already 
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Table 3. Comparison of the cytokine secretion pattern of purified NK cells 
treated either with IL-2 (100 IU/mL) alone or with IL-2 plus rHsp70 (10 
jxg/mL) for 4 days as determined by ELISA technique 



Cytokine secretion (pg/mL) 





IFN--y 


TNF-a 


0 IU IL-2 


85 ± 27 


>5 


1 1U IL-2 


164 ± 10 


>5 


10 IU IL-2 


174 ± 25 


25 ± 4 


100 IU IL-2 


1782 ±210 


39 ±6 


0 IU IL-2 + rHsp70 


143 ± 23 


29 ±6 


1 IU IL-2 + rHsp70 


727 ± 82 


48 ± 7 


10 IU IL-2 + rHsp70 


1018 ±117 


39 ± 3 


100 IU IL-2 + rHsp70 


2865 ± 237 


65 ±6 



Data are given as the means of two independent experiments. Significant 
changes as compared to initial values (treatment with IL-2 only) are indi- 
cated in bold. 



observed when NK cells were incubated with low concen- 
trations of IL-2 (10 IU/mL) plus rHsp70. However, a syner- 
gistic effect on proliferation and cytokine secretion is ob- 
served when a combined treatment of rHsp70 and IL-2 at a 
concentration of 100 IU/mL was used (Fig. 2 A). At all con- 
centrations of IL-2 ± rHsp70, the secretion of TNF-a ap- 
peared to be unaffected. 

Characteristics of NK cells with 
specificity for Hsp70-expressing tumor cells 
The phenotypic characterization of isolated NK cells was 
tested following in vitro stimulation with either IL-2 alone 
or with IL-2 plus rHsp70. As summarized in Table 4, tran- 
sient plastic, adherent NK cells exhibited CD 16, CD56, 
CD57, and CD94 expression, but did not express CD3 and 
T-cell receptors. Following incubation with rHsp70, the 



Table 4. Phenotypic characterization of purified NK cells (purity >90%) 
treated either with IL-2 (100 IU/mL) alone or with IL-2 plus rHsp70 (10 
u>g/mL) for 4 days as determined by flow cytometry 

Percent positively stained cells 
(mean fluorescence values) 



IL-2 IL-2 + rHsp70 



Isotype control 


2(10) 


3(17) 


CD3 and TCR 


<5 (7) 


<5 (6) 


CD16 


46-65 (862) 


66-87(316) 


CD56 


56-71 (348) 


76-88 (485) 


CD57 


44-58 (404) 


68-75 (672) 


p58.1 


6-20 (42) 


5-10(22) 


p58.2 


7-15(83) 


6-13(50) 


p70 


<5(10) 


<5(14) 


CD94 


47-68(135) 


84-91 (237) 



Data are given as the range of three independent experiments. Significant 
changes to initial numbers as determined by the Student's Mest (p < 0.01) 
in the percentage of positively stained cells and in the mean fluorescence 
intensity after incubation with rHsp70 protein are indicated in bold. 
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mean fluorescence intensity of CD 16 was significantly 
downmodulated, whereas the expression of CDS 7 was 
strongly induced. Determination of KIR on NK cells in re- 
sponse to a stimulation with rHsp70 revealed a significant 
increase in the expression of the C-type lectin receptor 
CD94, whereas that of the immunoglobul in-like receptors 
p58.1, p58.2, and p70 was not affected. CD2 expression re- 
mained unaltered (data not shown). 

Effect of Hsp70 proteins on the cytotoxic activity of NK cells 
Functional analysis of NK cells using Hsp70-expressing 
(CX+) and Hsp70-nonexpressing (CX— ) tumor cells re- 
vealed that plasma membrane expression of Hsp70 corre- 
lated with an increased sensitivity to NK-mediated lysis. 
This NK-mediated tumor cell lysis can be blocked by prior 
incubation of the tumor cell lines with monoclonal antibody 
directed against the C-terminal region (504-617) of Hsp70 
(3 A3, kindly provided by S. Fox, Northwestern University) 
and RPN1197 (Amersham Buchler, Braunschweig, Ger- 
many) [3,16,17], HLA typing of the two tumor sublines 
CX+ and CX- clearly indicates that the two sublines differ 
only with respect to their capacity to express Hsp70 on their 
plasma membrane but exhibit an identical HLA expression 
pattern. As shown in the Materials and methods section, CX+ 
and CX— tumor cells uniformly express HLA A2 0201, B22, 
B44, DQB1 0501, DRB1 0103 alleles, thus indicating that both 
sublines are derived from the same donor cell line CX2. Here, 
we analyzed the effects of different recombinant Hsp70 pro- 
teins (rHsp70, rHsp70homC, DnaK, Hsc70) on the cytolytic 
activity of NK cells against autologous Hsp70-expressing 
and Hsp70-nonexpressing (CX+) and (CX-) tumor cells. 
A comparison of the sequence homology of different Hsp70 
proteins used in this assay is shown in Figure 1 . 

Results from cytotoxicity assays using highly purified 
NK cells that had been preincubated with different Hsp70 
proteins at a concentration of 5 u,g/mL are summarized in 
Figure 3. Consistent with the ability of Hsp70-specific Ab 
directed against the C-terminal region to inhibit NK lysis of 
Hsp70-expressing tumor cells [16,17], incubation of NK cells 
with rHsp70 during the assay inhibited cytolytic activity 
against CX+ tumor cells. This treatment had no significant ef- 
fect on the lysis of CX- tumor cells. Similar results were ob- 
tained using rHsp70homC that also inhibited NK lysis of CX+ 
tumor cells, but to a lesser extent. Hsp70homC revealed the 
highest sequence homology to Hsp70 within the variable C-ter- 
minal region (94% homology). In contrast, neither Hsc70 
(84% homology) nor DnaK (50% homology) significantly af- 
fected NK-mediated cytolysis of CX+ or CX— tumor cells. 

Long-term stimulation of NK cells with Hsp70 protein 
We were able to demonstrate that repeated incubation of NK 
cells with rHsp70 protein every 4 days stimulated the prolif- 
eration of NK cells (data not shown). The cytotoxic response 



1632 



G. Multhoff et al./ Experimental Hematology 27 (1999) 1627-1636 



(A 

V) 
>> 

O 

o 

0) 

Q. 

(/> 



100 



80 



60 



40 



20 



0 



'tn 
>» 

o 
o 

0) 

a. 

tn 




0.2:1 0.5:1 1:1 

Effector : 



2:1 



NK 

NK 

+rHsp70 



Target 

CX+ o 
CX- a 



100 



80 ■ 



60 - 



40 



20 



0 




0.2:1 0.5:1 1:1 2:1 

Effector : Target 



NK 

NK 

+hsc70 



CX+ 
CX- 



o 

A 



100 



80 







ific lysi 


60 • 


sped 


40 


0 s * 





20 



0 




100 



80 







\n 








o 


60 - 






o 




pe 


40 ■ 






6 s 





20 



0 



0.2:1 0.5:1 1:1 2:1 

Effector : Target 

NK CX+ o 

NK CX- * 

+hsp70homC 




0.2:1 0.5:1 1:1 2:1 



Effector 

NK 

NK 

+DnaK 



Target 
cx+ o 
cx- a 



Figure 3. Blocking of the cytotoxic activity of NK cells in the presence of rHsp70 or Hsp70homC. Blocking of the cytotoxic activity of highly purified NK 
cells (CD3: <2%; CD16/CD56: 75-80%; CD94: 65-87%; p58.1 and p58.2: 20-30%; p70: < 10%) with rHsp70 (A), rHsp70homC (B), Hsc70 (C), and DnaK 
(D) proteins (5 (xg/mL each; dotted lines) against 51 Cr-labeled tumor target cells, CX+ and CX-, which differ with respect to their capability to express 
Hsp70 on their plasma membrane. The lysis of CX+ and CX- cells mediated by NK cells that had not been incubated with Hsp70 proteins are indicated as 
solid lines. Results are expressed as the percentage of lysis at varying E:T ratios ranging from 0.2: 1 to 2: 1 . Each data point represents the mean of at least three 
independent experiments ± SD, The percentage spontaneous release for each tumor target cell line was always <15%. 



against Hsp70-expressing CX+ tumor cells as determined 
on day 24 also was enhanced. NK cells that were stimulated 
only with IL-2 lost the cytolytic activity against Hsp70- 
expressing tumor cells after 24 days (Fig. 4). In general, the 
lytic activity of NK cells that had been stimulated only with 



IL-2 compared to that of IL-2 plus rHsp70-stimulated NK 
cells was lower. It is important to note that the last addition of 
fresh rHsp70 protein has to be performed at least 4 days prior 
to the cytotoxicity assay to avoid the direct inhibitory effects 
of rHsp70 on the cytolytic activity of NK cells (see Fig. 3). 
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Figure 4. Long-term incubation of NK cells with rHsp70 results in 
increased activity against Hsp70-expressing tumor cells. Cytotoxic activity 
of NK cells after long-term stimulation (day 24) with IL-2 (100 IU/mL) in 
combination with rHsp70 protein (10 jxg/mL 1 X 10 6 cells) against CX+ 
and CX- tumor cells (dotted lines). NIC cells were incubated with fresh 
rHsp70 protein every 4 days. The cytotoxic activity of NK cells was mea- 
sured on day 24. To avoid the inhibitory effect of rHsp70 protein as shown 
in Figure 3, the last stimulation with fresh rHsp70 protein was performed 4 
days prior to the cytotoxicity assay. The lysis of CX+ and CX- cells 
mediated by NK cells of the same donor that had been stimulated only with 
IL-2 (day 24) is indicated as solid lines. Results are expressed as the per- 
centage of specific lysis at varying E:T ratios ranging from 0.2: 1 to 2: 1 The 
percentage spontaneous release for each target cell line was always < 1 5%. 
An irrelevant iso type-matched control antibody had no inhibitory effect on 
the lysis of CX4- and CX— cells (data not shown). 



Inhibition of lysis of 

Hsp70-expressing tumor cells by CD94-specific Ab 
Given our finding that the expression of the C-type lectin 
receptor CD94 was upregulated on NK cells following stim- 
ulation with rHsp70, one might speculate that CD94 has a 
dual role, acting as a KIR with specificity for certain HLA 
alleles and as a potential receptor for Hsp70. In support of 
this hypothesis, data derived from Ab blocking studies us- 
ing an Ab directed against CD94 were obtained. As shown 
in Figure 5, a significant inhibition of lysis of Hsp70- 
expressing CX+ tumor cells that was mediated by rHsp70- 
stimulated NK cells was observed when NK cells were pre- 
incubated with CD94-specific Ab, whereas the lysis of 
CX- cells was not affected by this Ab. However, lysis of 
CX4- and CX- tumor cells remained unaffected when NK 
cells were incubated with an Ab directed against CD57, 
which also was markedly upregulated following incubation 
with rHsp70 (data not shown). In addition, the influence of 
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Figure 5. Blocking of the cytotoxic activity of NK cells using antibodies 
directed against C-type lectin receptor CD 94. Antibody blocking was per- 
formed using either anti-CD94 or anti-CD57 specific Ab on NK cells at a 
concentration of 5 jjLg/mL for 1 X 1 0 6 NK cells and MHC-specific Ab on 
tumor target cells. The 51 Cr release assay was performed on day 4 follow- 
ing the last stimulation with rHsp70 to avoid a direct inhibitory effect of 
rHsp70 protein. Results are expressed as the percentage of specific lysis at 
varying E:T ratios ranging from 0.2:1 to 2:1. The percentage spontaneous 
release for each target cell line was always < 15%. Data represent the mean 
of three independent experiments. An anti-CD57 antibody and MHC class 
I specific antibody had no inhibitory effect on the lysis of CX+ and CX- 
cells (data not shown). 



the MHC class I expression on the cytolytic activity of NK 
cells was tested. Antibodies directed against MHC class I 
molecules did not affect the cytolytic response of CX+ and 
CX- tumor cells that have been shown to express identical 
HLA alleles [3,16]. 



Discussion 

NK cells belong to a lymphocyte population that is clearly 
distinct from T and B cells because they lack the classic 
T-cell receptor or surface immunoglobulin G (IgG) expres- 
sion. Within the last few years, a number of KIRs have been 
identified on NK cells that belong to the IgG superfamily (e.g., 
p58, p70) [25-28] or to the type II transmembrane proteins of 
the C-type lectin family (e.g., CD94) [29]. According to the 
missing self hypothesis postulated by Ljunggren and Karre 
[30], the expression of HLA-A, HLA-B and HLA-C alleles 
protects potential target cells from lysis by NK cells. There- 
fore, poorly immunogenic tumors with abnormal or absent 
MHC class I expression should be considered as ideal targets 
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for NK cell recognition. It has been suggested that the cytolytic 
activity of NK cells is initiated and regulated by the dominance 
or inferiority of positive and negative signals [31]. In addition 
to MHC alleles that act as negative regulatory signals for NK 
cells, results from the present study suggest that Hsp70 also has 
to be considered as a target structure for NK cells. 

Involvement of Hsp70 in the NK-mediated immune re- 
sponse against cancer cells has been shown based on its ex- 
'pression on the surface of these cells [4]. We previously 
demonstrated that enhanced cytolytic activity against Hsp70- 
expressing tumor cells is mediated not only by IL-2-acti- 
vated but also by resting NK cells [32]. Antibodies directed 
against plasma membrane-bound Hsp70 efficiently inhibit 
the lysis of Hsp70-expressing tumor cells, whereas antibod- 
ies directed against MHC class I and II molecules or against 
adhesion molecules (ICAM, NCAM; data not shown) ex- 
hibited no inhibitory effect [3,16]. Here, we demonstrated 
that incubation of NK cells with exogenous Hsp70 during 
the assay efficiently inhibits the lysis of Hsp70-expressing 
CX+ tumor cells, whereas the lysis of HLA identical CX— 
tumor cells that lack expression of Hsp70 on their plasma 
membrane remained unaffected. Similar results were ob- 
tained with rHsp70homC, compromising the predicted 
C-terminal peptide-binding domain of Hsp70hom, which is 
84% identical to Hsp70 over the whole sequence [33,34] 
and 94% identical over the peptide-binding domain 384- 
561. However, treatment of NK cells with other members of 
the HSP70 family with lower sequence identity to human in- 
ducible Hsp70, such as E. coli DnaK or Hsc70, did not affect 
the cytolytic activity against the same tumor targets. 

Panning studies revealed that predominantly CD3", 
CD16 dim /CD56 bri s ht NK cells, but not CD3 + T lymphocytes 
adhere to rHsp70-coated substrate (data not shown). Taken 
together, these data strongly support the hypothesis that re- 
ceptors exist on NK cells that are highly specific for the 
C-terminal domain of Hsp70. Following interaction with 
rHsp70, these receptors not only modulate the cytolytic but 
also the proliferative response of NK cells. Recombinant 
Hsp70 protein as well as the C-terminal domain of Hsp70 
alone are already capable of inducing NK cell proliferation, 
which can be enhanced further by addition of IL-2. This 
finding is in line with the observation that receptors of the 
p58/p50 family induce both trigger of the cytolytic activity 
and proliferative response [22], 

The secretion of IFN-7, which is critical for an innate 
immune response of NK cells, is induced by addition of 
rHsp70. It has been shown that a combination of T-cell- 
derived cytokines, including IL-15, IL-12, and IL-2, in- 
duces the production of IFN-7 by NK cells. Cytokines that 
activate an innate immune response have been reported to 
limit it by the induction of apoptosis via TNF-a [35]. In 
contrast to cytokine-induced secretion of IFN-'v and TNF-a 
that results in apoptosis, rHsp70 protein alone or in combi- 
nation with IL-2 does not significantly increase production 
of TNF-a. Long-term stimulation of NK cells using rHsp70 



and low-dose IL-2 (100 IU/mL) up to 3 weeks did not ex- 
hibit any signs of apoptosis (data not shown). 

Given our finding that the expression of the low-affinity 
receptor CD 16 was downmodulated after incubation with 
rHsp70, it is not very likely that these NK cells kill via Ab- 
dependent cellular cytotoxicity. In contrast to CD 16 expres- 
sion, the C-type lectin receptor CD94 [36] and HNK1 
(CD57) were upregulated on NK cells following stimulation 
with rHsp70. Therefore, one might speculate that either 
CD57 or CD94 is involved in the recognition of Hsp70- 
expressing tumor cells. The finding that Abs directed against 
CD94 but not against CD57 are able to inhibit the lytic ac- 
tivity of NK cells against Hsp70-expressing tumor cells 
supports the hypothesis that CD94 might be involved in the 
interaction of NK cells with Hsp70. That CX+ and CX- 
tumor cells are derived from one tumor cell line CX2 (tu- 
mor bank DKFZ Heidelberg) and exhibit an identical HLA 
class I expression pattern led us to the hypothesis that the 
recognition of Hsp70 might be mediated by a yet unknown 
heterodimeric CD94 lectin-type receptor that is clearly dif- 
ferent from the HLA-specific heterodimeric receptor. The 
crystal structure of the extracellular domain of CD94 re- 
vealed extensive hydrophobic interfaces that facilitates 
dimerization with NKG2 and represents a putative ligand- 
binding region for HLA-E [37]. The finding that HLA class 
I specific antibodies did not affect the cytolytic activity of 
NK cells against Hsp70-expressing (CX+) and Hsp70-non- 
expressing (CX-) tumor cells supports the speculation that 
HLA-E and Hsp70 recognition has to be mediated by differ- 
ent CD94 receptors. Presently, studies are ongoing to iden- 
tify the molecular basis of the Hsp70-specific receptor on NK 
cells and the biologic consequences for NK cell function. 

It should be noted that other Hsp70 proteins, including 
DnaK and Hsc70, did not affect NK cell activity, although 
they were prepared and purified using procedures compara- 
ble to those used for rHsp70. Comparison of the deduced 
amino acid (aa) sequences of the HSP70 multigene family 
[33,34] indicates that the greatest divergence amongst fam- 
ily members is localized to the C-terminal region (aa 512- 
605), which contains the substrate binding domain [38]. It is 
noteworthy that in this particular region there is a high level 
of identity (94%) between Hsp70 and Hsp70homC (aa 384- 
561), which in the present study had similar effects on NK 
cell function. These data, together with the finding that 
Hsp70-specific Ab (3 A3), directed against the C-terminal 
domain of Hsp70 (aa 504—617) recognizes cell surface- 
expressed Hsp70 proteins on tumor cells and inhibits the cy- 
totoxic activity of NK cells [3,16], strongly suggest that the 
C-terminal substrate binding domain of Hsp70 is relevant 
for the regulation of the cytolytic function of NK cells. De- 
letion analysis of the C-terminal part of Hsp70 might pro- 
vide further insights into the Hsp70 epitope(s) relevant for 
NK cell functions. 

In summary, our data imply that the C-terminal part of 
Hsp70 protein especially acts as a regulatory signal for an 
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Hsp70-specific receptor on NK cells. This receptor not only 
controls cytolytic activity but also influences proliferative 
capacity. 
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NK cell clones obtained from three different do- 
nors were tested for their ability to present soluble 
proteins to Ag-specific T cell clones. All NK clones 
were CD2 + CD3"CD56 + , whereas the expression of 
CD16 varied from clone to clone. The NK cell clones 
were able to process and present tetanus toxoid (TT) 
to TT-specific T cell clones in a class n HLA re- 
stricted manner. The capacity of NK cell clones to 
function as APC was also observed using the house 
dust mite allergen Der p I and the Der p I-derived 
peptide Val89-Cysll7. As with EBV-transformed B 
cell line, NK cell clones could present the peptide 3- 
13 derived from the 65-kDa heat shock protein of 
Mycobacterium leprae, but they were unable to 
present the whole M. leprae Ag. Freshly isolated NK 
cells, IL-2-activated NK cells, and NK cell lines ex- 
panded in vitro could also process and present TT. 
The ability of the different NK populations to act as 
accessory cells correlated with their levels of class 
n HLA expression. These data demonstrate that NK 
cell clones can efficiently function as APC, however 
they may be restricted in the types of Ag that they 
can process. 

Activation of CD4 + Th cells by soluble protein Ag re- 
quires recognition of Ag in association with class II HLA 
molecules on the surface of APC. Since most soluble Ag 
do not bind in their native form to class II HLA molecules. 
APC have to capture these Ag, internalize and process 
them into short peptides able to bind to class II HLA 
molecules, and then re-expose the Ag-class II HLA com- 
plexes on the cell surface (1). Several studies have been 
performed to investigate the mechanism by which acces- 
sory cells uptake, process, and present Ag to T cells (1, 
2). Recently, it has become clear that the efficiency of Ag 
uptake and the levels of biosynthesis and expression of 
the class II HLA molecules determine to a large extent the 
Ag-presenting capacity of a given cell (2, 3). In addition, 
cytokines produced by the APC contribute to Ag-induced 
T cell activation (4, 5). Besides monocytes and macro- 
phages, other cell types, such as B lymphocytes and 
Langerhans cells/dendritic cells, have been demon- 
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strated to function as APC (5, 6). 

NK cells are defined as LGL 3 that do not express CD3 
or any of the T cell receptor chains, but they are CD56 
positive (7). Almost all of the NK cells isolated from 
normal donors are positive for the low affinity Fey recep- 
tor III (CD16). However, a minority of CD56 + NK cells fail 
to express CD16 or express CD16 at low levels (8). They 
are operationally defined as lymphoid cells that mediate 
non-HLA-restrlcted cytotoxicity against certain tumor 
and virus-infected targets spontaneously and without 
prior sensitization (9). Furthermore, NK cells exert a va- 
riety of functions, including regulatory functions on the 
adaptive immune system and on hematopoiesis and nat- 
ural resistance against microbial infections, which are 
presumably mediated through secretion of cytokines (7- 
10). Recently the availability of NK cell clones provided a 
unique opportunity to study NK cell functions using ho- 
mogeneous cell preparations purged of any contaminant 
cells. 

The aim of the present study was to define whether 
highly purified NK cells and cloned NK cells can function 
as APC in HLA-restricted Ag-specific T cell responses. 
Our results demonstrated, at the clonal level, that acti- 
vated NK cells can present soluble protein Ag to T cell 
clones. Their ability to internalize and process protein Ag 
was observed for both TT and Der p I, which is the major 
allergen in extracts of the house dust mite Der pt These 
findings Indicate that in addition to their capacity to 
mediate non-HLA-restricted lysis of tumor cells or virus 
infected targets, NK cells have the ability to process and 
present Ag to helper T cells. 

MATERIALS AND METHODS 

Isolation and purification of NK cells. Purification of NK cells 
from Ficoll-Hypaque isolated PBMC was performed using either a 
Percoll gradient or separation by magnetic beads. In the first proce- 
dure, PBMC were incubated for 4 h at 37°C on Petri dishes and then 
passed through a nylon wool column to remove monocytes and B 
cells. Nonadherent lymphocytes were fractionated by centrlfugation 
on discontinuous gradients consisting of 30% and 40% Percoll (Phar- 
macia Fine Chemicals, Piscataway, NJ) in PBS containing 10% FCS. 
Low buoyant density and high buoyant density lymphocytes were 
isolated from the interface and bottom of the Percoll gradients, 
respectively. The population of lymphocytes in the interface fraction 
was highly enriched for cells with LGL morphology. Staining of this 
LGL population with the Leul 1 (anti-CD 16) and Leu 19 (anti-CD56) 
mAb revealed that between 30 and 50% Leul 1 + Leul9* cells were 
present. Leul9 + cells were sorted with a FACStar Plus (Becton- 
Dickinson). The purity of these cells was greater than 99.5% upon 
reanalysls. Contamination of these cells with monocytes was as- 
sessed with phycoerythrin-labeled anti-CD 14 (Leu-M3; Becton-Dick- 
Inson) analyzed by FACScan (Becton -Dickinson) and found to be 

3 Abbreviations used in this paper: LGL. large granular lymphocyte; 
TT, tetanus toxoid; EBV-LCL, EBV-transformed B cell line; Der pt. Der- 
matophagoides pteronyssinus; hsp, heat shock protein. 
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below detection levels [<0.2%). 

Before cloning, NK cells were purified by separation using mag- 
netic beads. Briefly, 5 to 1 0 x 1 0 6 cells were washed in PBS contain- 
ing \% BSA and 0. 1 % NaN 3 for 10 min at 250 x g at 4°C. The pellet 
was then incubated for 30 min at 4°C with Leul 1 and Leu 19 mAb 
at a concentration of 1 /ig/10 6 cells. After two washes in PBS/NaNs/ 
BSA. the cells were incubated with biotinylated goat anti-mouse 
mAb (Tago. Burlingame, CA), at 1 ng/10 G cells, for 30 min at 4°C. 
The cells were washed twice and the pellet was incubated with 
streptavidin-FlTC for 15 min at 4°C. After two washes In PBS. the 
cells were resuspended in a solution containing magnetic particles 
(1 1) diluted 1:100 in PBS/NaN 3 /BSA. After 5 min incubation at 4°C, 
the cells were loaded to an iron wool column and separated with the 
MACS (Miltenyi. Sunnyvale, CA). as described previously (11). The 
cells stained with Leu 11 and Leu 19 mAb were labeled with FITC 
avidin and were sorted to a purity of 99.5%. 

Establishment and culture of NK cell clones. CD16 + CD56 + cells 
were resuspended in Yssel's medium (12) containing 1% human 
serum and cloned by limiting dilution at a concentration of one to 
five cells/well in 96- well round bottomed plates (Titertek: Flow Lab- 
oratories. McLean, VA) In the presence of a feeder cell mixture 
consisting of 5 x 10 5 Irradiated (4000 rad) allogeneic PBMC/ml, 5 x 
10 4 irradiated (5000 rad) cells/ml of the allogeneic EBV-LCL JY. and 
0.1 ng/ml purified PHA (Wellcome Diagnostics, Beckenham. United 
Kingdom). After 7 days, 100 ^1 of medium containing 20 IU/ml rlL- 
2, kindly provided by Dr. R. Kastelein (DNAX Research Institute. 
Palo Alto, CA), was added to each well. After 12 to 14 days, prolif- 
erating cultures were transferred to 24 -well tissue culture plates 
(Linbro; Flow Laboratories) and restimulated with the feeder cell 
mixture. At day 5, the NK clones were washed and further expanded 
in medium containing rIL-2 (20 U/ml). At day 8 or 9, they were 
restimulated with the feeder cell mixture. Six to 8 days after the last 
stimulation, the clones were screened in functional assays. 

Cytotoxic assays. Cytotoxic activity was determined using a 51 Cr- 
release assay. Effector cells were mixed with 2 x 10 3M CR-labeIed 
target cells in 200-jxl Iscove medium (Gibco, Glasgow. United King- 
dom) with 0.25% BSA in U-shaped wells of a microtiter plate, spun 
down at 50 X g, and Incubated for 4 h at 37°C in a humidified 
atmosphere of 5% CO a . The supernatants were harvested using a 
Skatron supernatant collection system (Skatron. Lier, Norway) and 
were counted in a -y-counter. The maximum release was determined 
after Incubation of the cells in 1 % Triton X- 1 00 and the spontaneous 
release by measuring the release of target cells in medium only. The 
percentage of specific 5l Cr release was determined as follows: 

51 Cr release = 100 X ((experimental release 

- spontaneous release)/(maxlmum release - spontaneous release)] 

The data are presented as the mean of triplicate measurements. 

Preparation of APC. The NK clones used as APC were taken 6 to 
8 days after they had been activated by feeder cells, irradiated at 
4000 rad, and washed three times. Before they were added to the 
culture, the NK cell clones were labeled with anti-CD 14 mAb Leu 
M3 to look for possible contamination by residual feeder cells. No 
detectable CD 14* cells were observed in these preparations. The 
EBV-LCL and fresh PBMC, used as APC. were irradiated 5000 and 
4000 rad. respectively, and washed twice. 

To test the APC function of freshly isolated NK cells, three sources 
of irradiated NK cells were used: purified NK cells directly isolated 
from PBMC as described above, purified NK cells cultured in vitro 
for 5 days in the presence of 200 IU/ml of IL-2, and purified NK cell 
lines tested at day 5 after activation with the feeder cell mixture 
described above. These three different types of NK cells were prein- 
cubated overnight in the absence or in the presence of 10 Mg/ml of 
TT in 5% CO a at 37°C. NK cells prelncubated in medium only and 
Ag-pulsed cells were then Irradiated, washed three times, resus- 
pended in medium, and used as APC for the proliferative responses 
of TT specific T cell clones. For chloroqulne treatment, the APC were 
suspended at 10 6 /ml in Yssel's medium, and freshly prepared chlo- 
roqulne (Sigma Chemical Co.. St. Louis. MO) was added at a final 
concentration of 0.1 mM. 30 min before the addition of TT at a 
concentration of 5 Mg/ml. After 5 h, the cells were washed three 
times with PBS and fixed with 0.05% glutaraldehyde for 1 min at 
room temperature. The reaction was stopped with 0.2 M lysine in 
PBS. The cells were washed three times and resuspended in medium. 

Cloned Ag-speciflc T lymphocytes. The TT-speclflc T cell clones 
827 and SP-F1, SP-F9, SP-F1 1. SP-F15, SP-F17, SP-F3, and SP-F14 
have been obtained from the peripheral blood of a normal donor and 
a severe combined immunodeficient patient reconstituted with fetal 
liver and thymus transplantation, respectively, as described previ- 
ously ( 1 2). The proliferative response of T cell clone 827 is restricted 
by HLA-DR3, Clones SP-F1 and SP-F1 1 are restricted by HLA-DR4. 
whereas clones SP-F9. SP-F15. and SP-F17 recognize TT in the 
context of HLA-DRwl 1 . Clones SP-F3 and SP-F14 are promiscuous 
and recognize Ag processed and presented by any EBV-LCL, regard- 



TABLE I 

Phenotype and cytotoxic activity of NK clones 



Target Cells (% Cr release 6 ! 

NK Clone Phenoiype* 1 — ~ 

K562 Jurkat Daudi P] 7 



MK36 


CD16 brl * ht 


65 


38 


22 


4 


MK42 


CDie* 1 " 


50 


40 


25 


2 


MK81 


CD 16" 


10 


7 


3 


0 


LRlli 


CD j 6 dtm 


40 


33 


30 


3 


LR115 


CDI6 brl * m 


48 


36 


29 


4 


NPK1 


CD16 brl * M 


53 


48 


45 


1 



° All the clones were CD2 + CD3"CD56 + . 
b E:T cell ration 1:1. 



less of its HLA phenotype (12). The cloned T cell lines. NP-12 and 
NP-14, specific for group I allergens of Der pt were generated from 
the blood of a patient allergic to Der pt by stimulating his PBMC with 

1 jig/ml of a lyophillzed extract of semi-purified Der pt 4 (Diephuis 
Laboratories, Groningen, The Netherlands). These clones react with 
the recombinant Der p I molecule and with the Der p I-derived 
peptide Val89-Cysl 17 (VQESYYRYVAREQSCRRPNAQR-FGISNYC). 
The T cell clone, RP151 1, specific for Mycobacterium leprae, was 
obtained from a patient suffering from tuberculoid leprosy, as de- 
scribed elsewhere (13). This clone recognizes a peptide sequence on 
the N terminus of the 65-kDa hsp (amino acids 3 to 13; KTIAY- 
DEEARR). which Is an immunodominant epitope for HLA-DR3- 
restricted, M. leprae hsp 65-reactive cells. 

Ag-tnduced T cell proliferation. Nine to 12 days after the last 
stimulation with the feeder cells mixture, the cloned T cells were 
washed three times, and 2 x 1 0 4 of these cells were Incubated with 

2 x 10 4 irradiated (5000 rad) APC In the presence or absence of 
soluble TT at a final dilution of 5 pg/ml; the Der pt Ag or the Der p 
l-derlved peptide Val89-Cysll7 at a concentration of 1 /ig/ml; the 
M. leprae or the Af. leprae hsp 65-derlved peptide aa. 3 to 13, in a 
final volume of 200 /il Yssel's medium with 1% human AB + serum. 
After 3 days of incubation, 1 M Ci ( 3 H]TdR (New England Nuclear, 
Drelelch. Federal Republic of Germany) was added to each well. Four 
hours later, the cells were harvested onto glass fiber strips using a 
semi-automated cell harvester, and the amount of incorporated pH] 
TdR was assessed by liquid scintillation counting. The results are 
expressed as the mean of triplicate cultures ± SD. The effect of mAb 
on the proliferative capacity of T cell clones was determined by 
adding varying amounts of mAb at the onset of the cultures. The 
following mAb were used as ascites fluid: W6/32. which detects a 
common determinant on class I HLA molecules (Sera Lab, Crowley 
Down, United Kingdom); mAb SPV-L3, which reacts with a mono- 
morphic determinant on HLA-DQ molecules (14): and mAb 95/13. 
which detects a determinant common to HLA-DR and HLA-DP mol- 
ecules (a kind gift from Dr. S. Ferrone, Medical College. Valhalla. 
NY) (15). 

Fluorescence analysis. One hundred thousand cells were added 
per well of a V-bottomed microtiter plate and washed once with PBS 
containing 0.02 mM NaN 3 and \% BSA. The cells were then incu- 
bated with the following mAb: the anti-CD2 mAb CLB-11 (kindly 
provided by Dr. R. Van Lier, Central Laboratory of The Netherlands 
Red Cross Blood Transfusion Service. The Netherlands), the anti- 
CD3 mAb Leu4, the anti-CD56 mAb Leul9. the anti-CD16 mAb 
Leu 11 (Becton-DIckinson). and the antl-HLA-DR.DP mAb 95/13. 
After 30 min at 4°C. the cells were washed twice in PBS/NaN 3 /BSA 
and incubated with a 1:40 dilution of FITC-labeled F(ab') 2 fragments 
of goat anti-mouse IgG (Tago. Burlingame, CA) for 30 min at 4°C. 
After three washes, the cells were analyzed using a FACScan (Bec- 
ton-Dickinson). As a monocyte marker, the anti-CD 14 mAb (Leu- 
M3, Becton-DIckinson), directly labeled with phycocrythrin, was 
used. 



RESULTS 

Phenotype and cytotoxic activity of NK cell clones. 
Cloned NK cell lines were isolated from three different 
donors. Their phenotypic characterization and cytolytic 
activity are shown in Table I. All NK clones were 
CD2 + CD3~CD56 + but differed in their CD 16 expression. 
The NK clones MK36, LR1 15. and NPK1 were CD16 br,ght . 
clones MK42 and LR111 were CD16 dlm ( whereas clone 
MK81 did not express detectable levels of CD16. All NK 

4 Yssel. H., H. Gascan. P. Schneider. H. Spits and J. E. de Vrles. 1991. 
Excessive IL-4 production by allergen specific T cell clones from atopic 
patients is responsible for induction of IgE synthesis. Submitted for 
publication. 



Figure I. Proliferative responses of TT- 
speclfic CD4* T cell clones SP-Fl and SP- 
Fl 1. which are restricted by HLA-DR4; SP- 
F15 and SP-Fl 7, which are restricted by 
HLA-DRwI 1 : and 827, which is restricted 
by HLA-DR3, to TT (5 ii$Jm\) presented 
either by the NK clones MK36, MK42, 
MK81 . LR1 15. LR1 1 1. and NPK1 or by the 
autologous EBV-LCL SPS and HSY. 
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TABLE II 

Effect of different Ag concentrations presented by NK cell clones on 
the proliferative responses of TT-specific Tcell clones 

ResponderT [TT] ( A g/ APC |[ 3 H)TdR Incorporation cpm x 10~ 3 ) 

Cell Clones ml) Medium MK36 b MK42 b MK81 b SPS b 



15 


2.6 


40.6 


38.3 


42.6 


58.0 


3 


0.5 


33.2 


34.1 


35.0 


61.0 


0.6 


0.2 


15.1 


17.4 


18.2 


55.3 


0.12 


0.3 


2.9 


3.4 


4.4 


44.4 


0.024 


0.1 


1.9 


1.5 


1.9 


20.7 


0.0048 


0.1 


0.7 


1.1 


1.0 


0.6 


Medium 


0.1 


0.6 


1.3 


0.4 


0.2 


15 


1.3 


8.3 


8,2 


11.3 


4.4 


3 


2.9 


10.0 


9.0 


14.6 


12.6 


0.6 


3.8 


10.4 


10.1 


16.0 


20.8 


0.12 


1.4 


11.5 


11.3 


20.5 


26.6 


0.024 


0.1 


4.8 


5.3 


15.0 


22.9 


0.0048 


0.1 


1.0 


1.2 


2.2 


4.8 


Medium 


0.1 


0.4 


0.2 


0.2 


0.2 



a APC:responder ratio =1:1. 

"The NK ceil clones MK36. MK42. and MK81, and the EBV-LCL SPS 
were Isolated from the same donor and are HLA-DR4,wl 1 . 

TABLE III 



Effect ofanti-HLA mAb on the proliferative response of T cell clone 

SP-Fl 7 to TV 



mAb 


mAb b dilution 


APC{% Inhibition of 
proliferation) 

SPS C MK81 d MK42 d 


W6/32 (anti-HLA-A.B.C) 


1:200 


4 


15 


5 




1:600 


0 


12 


0 




1 : 1 800 


0 


15 


0 


SPV-L3 (antl-HLA-D9) 


1:200 


2 


16 


1 




1:600 


0 


0 


0 




1 : 1 800 


O 


0 


0 


95/13 (anti-MLA-DP.DR) 


1:200 


80 


75 


81 




1:600 


68 


70 


57 




1 : 1 800 


45 


48 


31 



"The proliferative response of F17 to TT (5 Mg/ml) in the absence of 
mAb was 28.9 ± 2.1 with SPS. 11 .6 ± 1 .0 with MK81 , and 34.5 ± 2.7 
with MK42 as APC (cpm x 1 0~ :1 ). 

b mAb were used as ascites fluid. 

'SPSisanEBV cellline. 

a MK81 and MK42 are NK clones originated from the same donor as 
SPS. 

clones expressed high levels of class II HLA Ag as shown 
for clone MK36 (see Figure 4F). All the NK clones were 
highly cytotoxic for the NK-sensitive target cells K562, 
Daudi, and Jurkat at E:T ratios of 1:1 (Table I) or 10:1 
(data not shown), except for MK81, which only killed 
these NK-sensitive target cells efficiently at E:T ratios of 
10:1 (data not shown). On the other hand, all NK clones 
had no or very low cytotoxic activity against CD4 + TT- 



TABLE IV 
Ag processing by NK cell clones 



Responder T Cell Clones ([ 3 H] 
TdR incorporation cpm x 
APC Treatment before Fixation 10 _3a ) 







F3 


Fll 


F17 


F9 


Medium 


Medium 


0.3 


0.1 


0.2 


0.1 


MK36 


Medium 


0.1 


0.1 


0.2 


0,1 




TT b 


19.8 


2.0 


15.0 


8.9 




TT + chloroquinc 


9.8 


0.5 


0.7 


0.1 


MK36 (TT) r 


Chloroquine 


32.6 


19.7 


17.6 


ND 


MK81 


Medium 


ND 


0.4 


0.8 


ND 




TT 


ND 


18.9 


22.3 


ND 




TT + chloroquinc 


ND 


1.0 


4.6 


ND 



" In all cases, the SD was <10% of the total cpm. 
b TT: 5 jig/ml. 

e MK36 prcincubated overnight with TT. washed, and then put in the 
presence of chloroquinc. 



specific T cell clone F 1 7, which was included as a control, 
non-NK-sensitive, target cell. 

NK cell clones can present TT to CD4 + T cell clones. 
To determine whether NK cell clones could process and 
present Ag, NK clones obtained from three different do- 
nors were tested for their capacity to present TT to CD4 + 
TT-specific T cell clones. In Figure 1, it is shown that 
cloned NK cells can present TT to the T cell clones SP- 
Fl, SP-Fl 1, SP-Fl 5, SP-Fl 7, and 827 in a class II HLA- 
restricted fashion. The cloned TT-specific T cell line SP- 
Fl and SP-Fl 1 are restricted by HLA-DR4, whereas the 
T cell clones SP-Fl 5 and SP-Fl 7 recognize the Ag in the 
context of HLA-DRwl 1. All four of these clones prolifer- 
ated in response to TT, presented by the DR4,wl 1 -posi- 
tive NK clones MK36, MK42, and MK81. Furthermore, 
the HLA-DRwl 1 -restricted T cell clones SP-Fl 5 and SP- 
Fl 7 proliferated also in response to TT presented by the 
NK cell clone NPK1, which is homozygous for HLA- 
DRwl 1, The HLA-DR3-restricted T cell clone 827 recog- 
nized TT presented by the NK clones LR1 15 and LR1 1 1 
that express HLA-DR2.3. The proliferative responses of 
the CD4 + T cell clones to optimal concentrations of TT (5 
Mg/ml) presented by the NK clones were in the same range 
as those obtained when the class II HLA-matched EBV- 
LCL. SPS and HSY (Fig. 1), or PBMC (data not shown) 
were used as APC. This was also the case when the APC, 
either NK cells or the EBV-LCL, were used at suboptimal 
concentrations (less than 1:1 ratio; data not shown). 
However, at suboptimal concentrations of Ag, EBV-LCL 
were more efficient APC than the NK clones (Table II). At 
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Figure 2. Proliferative responses of house dust rnlte-specific T cell 
clones NP-1 2 (A) and NP-44 (B) to Der p I Ag and to Derp I-derived peptide 
Val89-Cysm. As APC, the autologous NK cell cJone NPK1, HLA-DRwl 1 
matched NK cell clone MK81 , autologous PBMC, and EBV-LCL were used. 

concentrations of TT as low as 0.02 tig/mh EBV-LCL 
were still able to induce moderate proliferative responses, 
whereas those induced by the NK cell clones were in 
general very low. 

The notion that the TT-specific proliferative responses 
of the T cell clones were restricted by the HLA-DR Ag of 
the NK cell clones used as APC was confirmed by blocking 
studies with mAb against class II HLA Ag, In Table III, it 
is shown that the proliferative responses of T cell clone 
SP-F17 to TT, presented by the NK clones MK81 and 
MK42, were blocked by the mAb 95/13, which is specific 
for HLA-DP,DR, but not by the mAb SPV-L3 and W6/32, 
which are directed against the HLA-DQ and the HLA class 
I Ag, respectively. Comparable results were found with 
the other TT-specif ic T cell clones (data not shown). 

To exclude the possibility that the T cell clones recog- 
nize TT peptides, which could be present as contami- 



nants in the TT preparation, the NK clones MK81 and 
MK36 were pulsed with TT in the presence or absence of 
chloroquine, which inhibits intracellular Ag processing 
(16). The cells were then fixed with glutaraldehyde to 
prevent any further processing and used as APC. As 
additional control, NK clone MK36 was incubated over- 
night with TT, washed, and then cultured in the presence 
of chloroquine plus responder T cells. In this case, chlo- 
roquine should not have any inhibitory effect because it 
was added to the culture after the uptake and processing 
of the Ag by the NK-APC. In Table IV. it is shown that 
the NK cell clones pulsed with TT and then fixed with 
glutaraldehyde can present Ag to the T cell clones SP-F3. 
SP-F1 1, SP-F17, and SP-F9. The addition of chloroquine 
during the Ag pulse resulted in strong reduction of prolif- 
eration of all four T cell clones tested. Treatment of MK36 
cells with chloroquine, after the cells had been preincu- 
bated overnight with TT but before fixation, did not affect 
the proliferative responses of the T cell clone, indicating 
that chloroquine had no toxic effects. These data dem- 
onstrate that NK cell clones can internalize and process 
soluble protein Ag such as TT and express it on the 
membrane in form of a short peptide. 

NK cell clones present the major house dust mite 
allergen Der p 1 to Der p I-speciftc T cell clones. The 
capacity of NK clones to present soluble proteins to Ag- 
specific T cell clones is not restricted to TT. In Figure 2, 
it is shown that the NK cell clone MK81, which is HLA- 
DRw 1 1 -compatible with donor NP. and the autologous 
NK clone NPK 1 , effectively present recombinant Der p I 
to the Der p I specific CD4 + T cell clones NP-12 and NP- 
44. In addition, NP-1 2 and NP-44 proliferated In response 
to the Der p I-derived peptide Vai89-Cysll7 presented 
by the NK clones. The levels of proliferation towards Der 
p I or Val89-Cysll7 peptide presented by the NK clones 
were lower or comparable, respectively, to those obtained 
when the autologous EBV-transformed B cell line NP- 
EBV or PBMC of donor NP were used as APC. 

NK cell clones fall to present whole M. leprae, but can 
present effectively the M. leprae hsp 65-derived pep- 
tide aa. 3-13. NK cell clones LR1 1 1 and LR1 15 were very 
inefficient in presenting the M. leprae to Ag-specific 
CD4 + T cell clones as compared with PBMC (Fig. 3A). This 
failure is not unique for NK cells, since the autologous 
EBV-transformed B cell lines were also inefficient APC 
for M. leprae. However, when very high concentrations 
(100 jig/ml) of Ag were used, low responses could be 
induced even using NK clones or EBV-LCL as APC. In 
contrast, PBMC were effective in presenting the whole M. 
leprae Ag to the specific CD4 + T cells. The T cell prolif- 
eration was dependent on the Ag concentrations. It has 
been reported previously that the monocytes present in 
the PBMC are responsible for uptake, processing, and 
presentation of M. leprae (17). The defective presentation 
of M. leprae by both NK cell clones and EBV-LCL Is not 
due to their inability to present the relevant antigenic 
peptide, because both cell types could effectively present 
the 65-kDa-derived peptide 3-1 3 to the Af. teprae-specific 
T cell clones (Fig. 3B). It is therefore likely that NK cell 
clones and EBV-LCL, in contrast to monocytes, are una- 
ble to uptake or process the whole M. leprae. However, 
this failure is related to the characteristic of the Ag and 
is not due to an intrinsic inability of the NK clones to 
uptake or process soluble protein Ag, since they could 
process TT and Der p I (Figs. 1 and 2). 
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TABLE V 

Proliferative response of T cell clones to TT presented byjresh NK 

cells 

Respondcr T Cell 
Clones (l 3 H]TdR 
A p£a incorporation cpm x 

1CT 3 ) 







F3 


K14 


SPS 


l:l b 


36.7 r 


18.9 




3:1 


52.1 


31.3 


PBMC 


1.1 


27.8 


11.2 




3:1 


40.4 


17.0 


NK fresh 


1:1 


10.0 


1.2 




3:1 


16.5 


5.7 


NK + IL-2 


1:1 


38.0 


18.1 




3:1 


29.8 


20.1 


NK + feeder 


1:1 


52.8 


37.2 




3:1 


53.3 


38.7 


Medium 




1.3 


0.5 



a Prelncubated overnight with 10 Mg/ml of TT. The proliferative re- 
sponses of the T cell clones in the presence of non-Ag pulsed APC were, 
in every situation, comparable or less than those observed when these T 
cell clones were cultured in medium only (I.e.. in the absence of APC). 

b APC: respondcr ratio. 

c Results are expressed as the mean cpm obtained in three different 
experiments performed on three different normal donors. In all cases, the 
SD was <10% of the total cpm. 

APC Junction of freshly isolated NK cells. To investi- 
gate whether fresh NK cells can also process and present 
Ag, we isolated NK cells from peripheral blood of normal 
donors and tested their ability to present TT to the CD4 + 
T cell clones SP-F3 and SP-F14. These TT-specific clones 



were used as responder cells because they have the par- 
ticular property to recognize processed TT in association 
with any HLA-DR molecule (12). Therefore, their prolif- 
erative responses to TT can be tested using various HLA 
mismatched PBMC, EBV-LCL, or NK clones as APC. 

As shown in Table V, fresh NK cells incubated over- 
night with TT have the capacity to process and present 
Ag. Their APC function is, however, less efficient than 
that of EBV-LCL or PBMC and varied from donor to donor 
(data not shown). The capacity to process and present TT 
was strongly enhanced when the NK cells were activated 
for 5 days with optimal concentrations of rIL-2 (200 U/ 
ml) or with a mixture of feeder cells (as described in 
Materials and Methods). Proliferative responses of F3 
and F14 were comparable when the EBV-LCL SPS, 
PBMC, or IL-2-activated NK cells, isolated from the same 
donor, were used. NK cell lines activated with feeder cells 
induced slightly higher T cell responses to TT. As shown 
in Figure 4, the different degrees of efficiency in Ag 
processing and presentation by freshly isolated NK, NK 
activated in vitro with IL-2, and NK cell lines, correlated 
with the different degrees of HLA class II expression by 
these cells. 

DISCUSSION 

NK cells are cytotoxic for virally infected cells and 
certain cancer cells and have therefore been implicated 
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to play a major role in first line immunodefense against 
malignancies and viral infections (7-9). In addition, NK 
cells have been reported to act as natural suppressor cells 
in graft- vs-host reactions after bone marrow transplan- 
tation (18). Furthermore, NK cells have important im- 
munoregulatory functions that are mediated via cyto- 
kines produced by these cells (7-10). 

In the present study, we demonstrate that highly puri- 
fied activated NK cells and cloned NK process and present 
soluble Ag to CD4 + Ag-specific T cell clones. The ability 
of NK cell clones to present Ag was not due to contami- 
nating monocytes or EBV-LCL from the feeder cell mix- 
ture, since we did not observe detectable CD14 + cells in 
our preparations. More importantly, Ag presentation was 
consistently restricted by the HLA-DR of the particular 
NK clone. In experiments like those presented in Figure 
1 , several clones with different HLA-DR phenotypes cul- 
tured with the same feeder cell mixture could only pres- 
ent Ag to those Ag-specific T cell clones restricted by the 
HLA-DR of the NK clones. 

In addition, our data strongly suggest that freshly iso- 
lated NK cells can also present Ag. In this case it is, 
however, not possible to exclude that some monocytes 
were still present in the purified preparation, although 
our NK cells were rigorously depleted by a combination 
of adherence, nylon wool depletion, and sorting, and we 
could not detect any CD 14* cells in these NK populations. 
We show that activated NK cells are generally as effective 



as APC as EBV-LCL and PBMC for both TT and the major 
allergen for house dust mite Der p I. In addition, cloned 
NK cells were able to present a Der p I-derlved 29-mer 
peptide. The proliferative responses of TT and Der p I- 
specific T cell clones towards these Ag presented -by 
cloned NK cells were restricted by HLA-DR Ag and not by 
HLA-DQ Ag. NK cell clones pretreated with cloroquine 
failed to induce productive T cell proliferation in response 
to TT. indicating that TT presentation required process- 
ing of the Ag and was not mediated via TT-derived pep- 
tides, which could have been present in the TT prepara- 
tions, accommodated In the HLA-DR molecules. Taken 
together, these data indicate that activated NK cells can 
efficiently process and present Ag in a HLA class II- 
restricted fashion to T cell clones and that in this aspect 
they are not different from other APC such as monocytes, 
macrophages, or EBV-LCL. However, it remains to be 
determined whether NK cells can activate resting T cells, 
as has been shown for macrophages and dendritic cells 
(1. 2). Interestingly, cloned NK cells, like EBV-LCL. were 
very inefficient In presenting the M. leprae, whereas 
monocytes have been shown to process and present this 
Ag efficiently (17). Nevertheless, both the cloned NK cells 
and the EBV-LCL were able to present the hsp 65-derived 
peptide aa. 3-13. Therefore, it may be concluded that the 
failure of NK cells or EBV-LCL to effectively present the 
M. leprae to M. leprae-specif ic CD4 + T cell clones is not 
due to a lack of binding of the immunodominant peptide 
to class II HLA molecules, but is probably related to the 
inability of these cells to appropriately uptake or process 
this Ag. Similar data have been described for Ag presen- 
tation of soluble bacterial streptolysin O by purified LGL 
isolated by cell sorter and completely depleted of both 
monocytes and dendritic cells (19). However, Scala et al. 
(20) reported that a subset of LGL can function as acces- 
sory cells for soluble streptolysin O. Individual T cell 
epitopes can have processing requirements that differ 
greatly, therefore it is possible that NK cells and EBV- 
LCL can modify and process only certain types of Ag. 

It has been reported that biosynthesis and expression 
of class II HLA molecules are crucial factors to determine 
the Ag presenting capacity of a given cell (3. 21). Cloned 
NK cells express high levels of class II HLA Ag, which 
may account for their capacity to function as efficient 
APC. Freshly isolated NK cells that express very low 
levels of class II HLA were also capable of presenting TT 
to TT-specific T cell clones, although much less effi- 
ciently. The capacity of the freshly Isolated NK cells to 
present Ag varied considerably from donor to donor, 
which may be due to the variable levels of HLA-DR mol- 
ecules expressed on these cells. It is possible that a cer- 
tain number of activated NK cells was present in some 
PBMC preparations obtained from normal donors. In ad- 
dition, it is still controversial whether or not all the 
resting NK cells do not express the class II HLA Ag (19, 
22). On the other hand, several cell types, including 
fibroblasts, epithelial and endothelial cells, as well as 
human-activated T cells, can express class II HLA mole- 
cules, but their role as APC has been debated because of 
failure to demonstrate presentation of soluble Ag (23- 
25). It has been reported that activated T cells and class 
II HLA thyroid epithelial cells can present denatured 
protein Ag or peptides to stimulate proliferation of Ag- 
specific T cell lines (25, 26), suggesting that the defect 
was at the level of Ag processing. An alternative possi- 
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bility. supported by recent work on activated T cells by 
Lanzavecchia et aL (27), is that these cells are limited In 
their ability to present conventional Ag such as TT by 
their inefficiency at Ag capture. Since NK cells have the 
capacity to present soluble proteins such as TT or Der p 
I, this Implies that they can take up Ag nonspecifically. 
One possibility is that CD 16 (FcrRM) and/or related mol- 
ecules, which are absent on most T cells, are involved in 
capturing Ag. 

It is known that cytokines released by APC exert cos- 
timulatory activity in stimulating T cell proliferation. NK 
cell clones produce high levels of GM-CSF, IFN-7, and IL- 
3 and express mRNA for TNF-a and IL-2 (H. Spits, un- 
published data). In contrast, they fail to synthesize IL-1- 
0 and IL-6, which are considered the most important 
cytokines in determining accessory functions of mono- 
cytes and transformed B cells (4. 5). The fact that acti- 
vated NK cells produce cytokines that can act on T cells 
and that are not synthesized by monocytes or B cells, 
notably IFN-y and IL-3, may imply that the Ag-specific 
responses of T cells is different, depending on the type of 
APC involved. 

In conclusion, this study demonstrates that NK cells 
can efficiently present soluble Ag to T cell clones. It is 
conceivable that NK cells can also function as APC in 
vivo, and more effectively even In situations in which 
local IL-2 production occurs, which results in NK cell 
activation and HLA expression. 
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